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CHAPTER LI 


ALTERNATING CURRENT MOTORS 


The almost universal adoption of the alternating current 
system of distribution of electrica] energy for light and power, 
and the many inherent advantages of the alternating current 
motor, have created the wide field of application now covered 
by this type of apparatus. 


As many central stations furnish only alternating current, it 
has become necessary for motor manufacturers to perfect types 
of alternating current motor suitable for all classes of industrial 
drive and which are adapted for use on the kinds of alternating 
circuit employed. This has naturally resulted in a multiplicity 
of types and a classification, to be comprehensive, must, as in the 
case of alternators, divide the motors into groups as regarded 
from several points of view. Accordingly, alternating current 
motors may be classified: 


1. With respect to their principle of operation, as 


a. SYNCHRONOUS MOTORS; 
b. ASYNCHRONOUS MOTORS: 
1. Induction motors; I 
series; 
2. Commutator motors | “9”? ensated; 


repulsion. 
2. With respect to the current as 


a. Single phase; 
b. Polypkase; 
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ALTERNATOR SYNCHRONOUS MOTOR 


Fics. 1,585 to 1,588.—Synchronous motor principles: I. A single phase synchronous motor 
is not self-starting. The figures show aa elementary alternator and an elementary syn- 
chronous motor, the construction of each being identical as shown. If the alternator 
be started, during the first half of a revolution, beginning at the initial position ABCD, 
fig. 1,585, current will flow in the direction indicated by the arrows, passing through the 
external circuit and armature of the motor, fig. 1,586, inducing magnetic poles in the 
latter as shown by the vertical arrows. These poles are attracted by unlike poles of the 
field nets, which tend to turn the motor armature in a counter-clockwise direction. 
Now, before the torque thus set up has time to overcome the inertia of the motor arma- 
ture ard cause st to rotate, the alternator armature has completed the half revolution, and 
beginning the second half of the revolution, as in fig. 1,587, the current fs reversed and 
consequently the induced magnetic poles in the motor armature are reversed also. This 
tends to rotate the armature in the reverse direction, as in fig. 1,5SS. These reversals 
of current occur with such frequency that the force does not act long enough in either 
direction to overcome the inertia of the armature; consequently it remains at rest, or to be 
exact, it vibrates. Hence, a single phase synchronous motor must be started by some 
external force and brought up to a speed that gives the same frequency as the alternator 
before it willoperate. A single phase synchronous motor. then, is not self-starting, which is 
one of its disadvantages; the reason it will operate after being speeded up to synchronism 
with the alternator and then connected in the circuit is explained in figs. 1,589 to 1,592. 


ALTERNATING CURRENT MOTORS 1,269 





+ 
3. With respect to speed, as 


a. Constant speed; 
b. Variable speed. 


4. With respect to structural features, as 


a. Enclosed; 

b. Semi-enclosed; 
Open; 

. Pipe ventilated; 
Back geared; 
Skeleton frame; 
. Riveted frame; 
. Ventilated; etc. 


DPP 


Of the above divisions and sub-divisions some are self-defining 
and need little or no explanation; the others, however, will be 
considered in detail, with explanations of the principles of opera- 
tion and construction. 


Synchronous Motors.—The term “synchronous’’ means 
11 unison, that is, în step. A so called synchronous motor, then, 
as generally defined, zs one which rotates în unison or in step with 
the phase of the alternating current which operates 1t. 


Strictly speaking, however, tt should be noted that this condition of 
operation 1s only approximately realized as will be later shown. 


Any single or polyphase alternator will operate as a syn- 
chronous motor when supplied with current at the same pressure 
and frequency as it produces as a generator, the essential con- 
dition, 1n the case of a single phase machine, being that it be 
speeded up to so called svnchronism before being put 1n the circuit. 

In construction, synchronous motors are almost identical with 
the corresponding aiternator, and consist essentially of two 
elements: 

1. An armature, 

2. A field, 
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Fics. 1,589 to 1.592.—Synchronous motor principles: 11. The condition necessary for sym- 
chronous motor operation is tkut the motor be speeded up until $t rotates in synckronism, that 
15, 1n step with ihe alternator. This means that the motor must be run at the same frequency 
as the alternator (not necessarily at the same speed). In the figures it is assumed that 
the motor has been brought up to synchronism with the alternator and connected in 
the circuitasshown. In figs.1,5*9and 1,590 the arrows indicate the direction of the current 
for the armature position shown. The current flowing through the motor armature 
induces magnetic poles which are attracted by the field poles, thus producing a torque in 
the direction in which the armature is rotating. After the alternator coil passes the 
vertical position, the current reverses as in fig. 1,591, and the current flows through the 
motor armature in the opposite direction, thus reversing the induced poles as in fig. 1,592. 
This brings like poles near each other, and since the motor coil has rotated beyond the vertical 
position the repelling action of the like poles, and also the attraction of unlike poles, 
produces a torque acting in the direction in which the motor ts rotating. Hence, when the two 
armatures move synchronously, the torque produced by the action of the induced poles 
upon the field poles is always in the direction in which the motor is running, and accord- 
ingly, tends to keep it in operation. 
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either of which may revolve. The field is separately excited with 
direct current. 

The principles upon which such motors operate may be ex- 
plained by considering the action of two elementary alternators 
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ALTERNATOR SYNCHRONOUS MOTOR 


Fics. 1,593 and 1,591.—Synchronous motor principles: III. The current which flows throuzh the 
armature of a synchronous motor is that due to the effective pressure. Since the motor 
rotates in a magnetic field, a pressure is induced in its armature in a direction opposite 
to that induced in the armature of the alternator, and called the reverse pressure, as dis- 
tinguished from the pressure generated by the alternator called the impressed pressure. 
sit any instant, the pressure available to cause current to flow through the two armatures, called 
the effective pressure, is equal to the difference between the pressure generated by the 
aliernator or impressed pressure and the reverse pressure induced in the motor. Now 
if the motor be perfectly free to turn, that is, without load or friction, the reverse pressure 
will equal the impressed pressure and no current will flow. This is the case of real syn- 
chronous operation, that is, not only is the frequency of motor and alternator the same, 
but the coils rotate without phase difference. In figs. 1,593 and 1,594, the impressed and 
reverse pressures are represented by the dotted arrows P; and P,. respectively. Since in 
this case these opposing pressures are equal, the resultant or effective pressure is zero: 
hence, there is no current. In actual machines this condition is impossible. because even if 
the motors have no external load, there is always more or less friction present; hence, in 
operation there must be more or less current flowing through the motor armature to 
induce magnetic poles so as to produce sufficient torque to carry the load. The action of 
the motor in automatically adjusting the effective pressure to suit the load is explained ia 
figs. 1,595 and 1,596. 


connected in circuit, as illustrated in the accompanying illustra- 
tions, one alternator being used as a generator and the other as 


a synchronous motor. 
Suppose the motor, as in figs. 1,585 and 1,586, be at rest when 
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it is connected in circuit with the alternator. The alternating 
current will flow through the motor armature and produce a 
reaction upon the field tending to rotate the motor arre 
first in one direction, then in another. 
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Fics. 1.595 and 1,596.—Synchronous motor principles: IV—+A svwckromous motor adsusis 
itself io changes of lozd by changing the phase diference between current and pressure. Ii 
there be no load and no “friction, the motor when speeded up and connected i ia the cir- 
cuit, will man in true syachronism with the alternator, that is, at any instant. the coils 
ABCD and A°B°C'D® will be in parallel planes. “When this fonéizion obtains, no 
current will fow and no torque will be requin (as explained in fies. 1,503 end 1,594). 
If a load be put on the motor, the effect will be to cause A'B'C D* io lag behind the 
alternator coi] to some posinon Beep” and current to fow. The reverse pressure 
wil lag behind the impressed pressure equally with the coil, and the cusrent which has 
now started will ordinanly take an intermediate phase so tha: it is behind ¿e impressed 
pressure but in advance of the reverse pressure. These phase relanons mar be represented 

in the figure by the armature positzons ! shown, viz.: 1. e synchronous position A*B*C*D* 
representing the impressed pressure, the intermediate posinon A’B’C’D’, the current, 
3, the actual position A"B"C"D^ (cozresponding to mechanical Jag). the reverse pres- 
sure. From the figure it will be seen that the current phase represented by A'B ED 
is in advance of the reverse pressure phase represented by A'B"C "D^. Heace, by 
armature reaction, the current leading the reverse pressure weakens the motor ñeld ans 
reduces the reverse pressure, thus establishing equilibrium between current and lead. As 
the load is increased. the mechanical lag of the alternator coil becomes greater and Hke- 
wise the current lead with respect to the reverse pressure, which intensiñes the arma- 
ture reaction and allows more current to fow. In this way equilibrium is mamtained 
for variations m load within the limits of zero and 20” mechanical lag. The effec: of 
armature reaction on motors is just the reverse to its eect on alternators, which results 
in marked automatic adjustment between the machines espenally when a single motor 
is operated from an alternator of about the same size. ‘In other words, the current 
which weakens or strengthens the motor field, strengthens or weakens respectively the 
alternator feld as the load is varied. 
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Because of the very rapid reversals in direction of the torque thus set up, 
there is not sufficient time to overcome the inertia of the armature 
before the current reverses and produces a torque in the opposite direction, 
hence, the armature remains stationary or, strictly speaking, it vibrates. 

Now if the motor armature be first brought up to a speed correspond- 
ing in frequency to that of the alternator before connecting the motor 
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Fics. 1,597 and 1,598.—Synchronous motor principles: V. The effectiveness of armature reac- 
tion tn weakening the field ts proportional to the sine of the angle by which the current lags 
behind the impressed pressure. If a motor be without load or friction, its armature will 
revolve synchronously (in parallel planes) with the alternator armature. In the figures 
let ABCD represent an instantaneous position of the motor armature when this condition 
obtains; it will then represent the phase relationship of impressed and reverse pressures 
for the same condition of no load, no friction, operation. Now, if a light load be placed 
on the motor for the same instantaneous position of alternator armature, the motor coil 
will drop behInd to some position as A”’, fig. 1,597 (part of the coil only being shown). 
The reverse pressure will also lag an equal amount and its phase with respect totheimpressed 
pressure will be represented by A”. The armature current will ordinarily take an intermedi- 
ate phase, represented by coil position A'B'C'D', inducing a field strength corresponding to 
the 9 lines of force OF, O'F', etc. The current being in advance of the phase of the reverse 
pressure A”, the armature reaciion weakens the field, thus reducing the reverse pressure and 
allowing the proper current to flow to balance the load. The amount by which the field is 
weakened may be determined by resolving the induced magnetic lines OF, O'F', O"F", etc., 
into components OG, GF, O'G”, GF”, 0%G”, GF”, etc., respectively parallel and at right 
angles to the lines of force of the main field. Of these components, the field is weakened 
only by OG, 0’G’, O”G”, etc. Since by construction, angle OFG =AOA’, and calling OF 
unity length, OG = sine of angle by which the current lags behind the impressed pressure. 
The construction is shown better in the enlarged diagram. For a heavier load the arma- 
ture coil will drop back further to some position as A”, fig. 1,598, and the lag of the 
current increase to some intermediate phase as A"B'' C"D". By similar construction it 
is seen that the component OG (fig. 1,597) has increased to OJ (fig. 1,598), this com- 
ponent thus further weakening the main field, by an amount proportional to the sine of 
the angle by which the current lags behind the impressed pressure. The increased current 
which is now permitted to flow, causes the induced field to be strengthened (as indicated 
by the dotted magnetic lines M, M', M", etc.), thus increasing the torque to balance 
the additional load. 
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in the circuit, the armature will continue revolving at the same frequency 
as the alternator. 

The armature continues revolving, because, at synchronous speed, 
the field flux and armature current are always in the same relative position. 
producing a torque which always pulls the armature around in the same 
direction. 

A polyphase synchronous motor is self starting, because, before the 
current has died out in the coils of one phase, it is increasing in those of 
the other phase or phases, so that there is always some turning effort 
exerted on the armature. 

The speed of a synchronous motor is that at which it would have to 
run, if driven as an alternator, to deliver the number of cycles which is 
given by the supply alternator. 
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Fics. 1,399 and 1,600.—Synchronous motor principles: VI. A single phase synchronous motor 
has “dead centers,” just the same as a one cylinder steam engine. Two diagrams of the 
motor are here shown illustrating the effect of the current in both directions. When the 
plane of the coil is perpendicular to the Geld, the poles induced in the armature are parallel 
to feld for either direction of the current; that is to say, the field lines of force and the 
induced lines of force acting in parallel or opposite directions, no turning effect is produced, 
just as in analogy when an engine is on the dead center, the piston rod (Geld line of force) 
and connecting rod (induced lize of force) beizg in a straight Line, the force exerted by 
the steam on the piston produces 20 torque. 


For instance, a 12 pole alternator running at 600 revolutions per 
minute will deliver current at a frequency of 60 cvcles a second; an 
8 pole synchronous motor supplied from that circuit will run at 900 
revolutions per minute, which is the speed at which it would have to be 
driven as an alternator to give 60 cycles a second—the frequency of 
the 12 pole alternator. 
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Fics. 1,601 to 1,604.—Synchronous motor principles: VII. An essential condition for syn- 
chronous motor operation is that the mechanical lag beless than 99°. Figs. 1,601 and 1,602 
represent the conditions which prevail when the lag of the motor armature A’B’C’D’ is 
anything less than 90°. As shown, the lag is almost 90°. The direction of the current and 
induced poles are indicated by the arrows. The inclination of the motor coil is such that 
the repulsion of like poles produces a torque in the direction of rotation, thus tending 
to keep motor in operation. Now, in figs. 1,603 and 1,604. for the same position of the alter- 
nator coil ABCD, tf the lag be greater than 90*, the inclination of the motor coil A'B'C'D' is 
such that at this instant the repulsion of like poles produces a torque in a direction opposite 
fo that of the rotation, thus tending to stop the motor. In actual operation this quickly 
brings the motor to rest, having the same effect as a strong brake in overcoming the 
momentum of a revolving wheel. 
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Pics. 1,605 to 1,608.__Synckrozous moto? principles: VITI. 1f the torque end curren: through 
the motor ormaoture be kez1 consient, siremgiremime the feld will smcrecse tke mechonical lag, 
cnd the lecd of the curreni wiih respect to the reverse pressure. In the figures, let A be an 
instantaneous position of the altermator coil, A°, synchronous position of motor coll. 
A’, position corresponding to current phase, A’, actual position or mechanical lag of 
mozo7 coil behind alterzator coil necessary to miintain equisbmem. la fig. 1.606, let A’ 
and A” represent respectively the relation of current phase and mechanical lag cor- 
respomiimg lo a certain losd and frla sirength. For these conditions OG, O’G’, O”’G”, 
etc., will represent the components of the induced lines of force in opposition to the motor 
feild, that is, they indicate the wlensity of the ermature veaciitm af the instant depicied. 
Now, assume the Seld strength to be doubled, asin Sg. 1,60», the mctor load cui current 
besng mcintained constant. Usder these cond:tions, the armature reaction mus: be 
Goudled to maintain equlibrium: that is, the components OG, O'G’, ezc., Bg. 1,605, mus: 
be twice the length oi OG, O'G’, ec., £g. 1.605. Also since the current is maintained 
constant. the induced magmetic lines OF, O’F’ are of same length in beth figures. Hence. 
in ag. 1,405 the plane of these compoments is such that their extremities touch perpen- 
Giculars from G, G’, etc., mving the other components FG, F’G’, etc. The plane A’, 
normal xo OP, O'F*, eze., gives the current phase. By construction, the phase di@ezence 
between A? and A’ is such tha: sin AOA’ fg. 1,6091 = 2 X sia A°OA’ (Sg. 1.6061. That 
is, doubling the field strength causes an increase of current lag such thas the sine of the 
angie of this lag is doubted. Sioce the intensity of the armature reaction depends on the 
lead of the current with respect to the reverse pressure, the mechanical lag of the coil must 
be increased to some position as A” (fg. 1,608), such as will give az armature reaction of an 
intensity indicated by the compozexts OG, O'G’, ex. 
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The following simple formula gives the speed relations between 
generators and motors connected to the same circuit and having different 
numbers of poles. 

P PXS 


p 
in which 
s. Revolutions per minute of the motor; 
p. Number of poles of the motor; 
S. Revolutions per minute of the alternator; 
P. Number of poles of the alternator. 


Question. If the field strength of a synchronous motor 
be altered, what effect does this have on the speed, and 
why? 


Ans. The speed does not change (save for a momentary 
variation to establish the phase relation corresponding to 
equilibrium), because the motor has to run at the same frequency 
as the alternator. 


Ques. How does a synchronous motor adjust itself to 
changes of load and field strength? 


Ans. Bv changing the phase difference between the current 
and pressurc. 

If, on connecting a synchronous motor to the mains, the excitation 
be too weak, so that the voltage is lower than that of the supply, this 
phase difference will appear resulting in wattless current, since the 
missing magnetization has, as it were, to be supplied from an external 


source. A phase difference also appears when the magnetization is too 
strong. 


Ques. State the disadvantages of synchronous motors. 


Ans. A synchronous motor requires an auxiliary power for 
starting, and will stop if, for any reason, the synchronism be 
destroyed; collecto rings ard brushes are required. Foz some 
purposes synchronous motors are not desirable, as for driving 
shafts in small workshops having no other power available for 
starting, and 11 cases where frequent starting, or a strong torque 
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at starting is necessary. A synchronous motor has a tendency 
to hunt* and requires intelligent attention; also an exciting 
current which must be supplied from an external source. 

Ques. State the advantage of synchronous motors. 


Ans. The synchronous motor is desirable for large powers 
where starting under load 1s not necessary. Its power factor 
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Fic. 1,609.—Diagram illustrating method of representing the performance of synchronous 
motors. The V shaped curve is obtained by plotting the current taken by motor under 
different degrees of excitation, the power devcloped by the motor remaining constant. 
The current may be made to lag or lead while the load remains constant, by varying 
the excitation. By varying the excitation, a certain value may be reached which will 
give a minimum current in the armature; this is the condition of unity power factor. 
]f now the excitation be diminished the current will lag and increase in value to obtain 
the same power; if the excitation be increased the current will lead and increase in value 
to obtain the same power. The results plotted for several values of the excitation current 
will give the V curve as shown. This is an actual curve obtained by Mordey on a 50 kw. 
inach‘ne running unloaded as a motor. Other curves situated above this one may be 
ob.ained for various loadings of the motor. 





may be controlled by varying the field strength. The power 
factor can be made unity and, further, the current can be made 
to lead the pressure. 


A synchronous motor is frequently connected in a circuit solely to 
improve the power factor. In such cases it is often called a “condenser 
motor” for the reason that its action is similar to that of a condenser. 


*NOTE.—See Hunting of synchronous motors, page 1,280. 
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The design of synchronous motors proceeds on the same lines as 
that of alternators, and the question of voltage regulation in the latter 
becomes a question of power factor regulation in the former. 


Ques. For what service are they especially suited? 
Ans. For high pressure service. 
High voltage current supplied to the armature does not pass through 


a commutator or slip rings; the field current which passes through slip 
rings being of low pressure does not give any trouble. 





Fic. 1,610.— Westinghouse self-starting synchronous motor. Motors of this type are suit- 
able for constant speed service where starting conditions are moderate, such as driving 
compressors, pumps, and large blowers. Synchronous motors can be made to operate 
not only as motors but as synchronous condensers to improve the power factor of the 
circuit. The field is provided with a combined starting and damper or amortisseur winding 
so proportioned that the necessary starting torque is developed by the minimum current 
consistent with satisfactory synchronous running without hunting. Thearmature slots are 
open and the coils form wound, impregnated, and interchangeable. Malleable iron finger 
plates at each end of the core supporttheteeth. Ventilating finger plates assembled with 
the laminations form air ducts. The frames are of cast iron, box section with openings for 
ventilation; shoes and slide rails permit adjustment of position. The brush holders areof 
the standard sliding shunt type. Two or more brushes are provided for each ring, 
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Ques. How do synchronous and induction motors 
compare as to efficiency? 
Ans. Synchronous motors are usually the more efficient. 


Hunting of Synchronous Motors.—Since a synchronous 
motor runs practically in step with the alternator supplying it 
with current when they both have the same number of poles, 


DRIVEN 
(SYNCHRONOUS MOTOR) 












SPRING TRANSMITTING 
CRIVING TORGUE 
FROM A TO B 





Fic. 1,611.—Mechanical analogy illustzating "hunting." The figure represents two flywheels 
connected by a spriag susceptible to tortion in either direction of rotation. If the wheels 
A and B be rotating at the same speed and a brake be applied, say to B, its speed will 
d minish and the spring will coil up, and if fairly flexible, more than the necessary amount 
to balance the load imposed by the brake; because when the position of proper torque is 
reached, B is still rotating slightly slower than A, and an additional torque is required to 
overcome the inertia of B and bring its speed up to synchronism with A. Now before the 
spring stops coiling up the wheels must be rotating at the same speed. When this occurs 
the spring has reached a position of too great torque, and therefore exerting more turning 
force on B tkan is necessary to drive it against the brake Accordingly B is accelerated 
and the spring uncoils. The velocity of B thus oscillates above and below that of A when 
a load is put on and taken of. Owing to fnction, the oscillations gradually die out aad 
the second wheel takes up a steady speed. A similar action takes place in a synchronous 
motor when the load is varied. 


or some multiple of the ratio of the number of poles on each 
machine, it will take an increasing current from the line as its 
speed drops behind the alternator, but will supply current to the 
line as a generator if for any reason the speed of the alternator 
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should drop behind that of the motor, or the current wave lag 
behind, which produces the same effect, and due to-additional 
self-induction or inductance produced by starting up or over- 
loading some other motor or rotary converter in the circuit. 

When the :notor is first taking current, then giving current 
back to the line, and this action 1s continued periodically, the 
motor is said to be hunting. 

INDUCTIVE CIRCUIT 







ALTERNATOR SYNCHRONOUS 
MOTOR 


INDUCTIVE CIRCUIT 
POLO 


Fic. 1,612.—Diagram illustrating the use of a synchronous motor as a condenser. If a syn 
chronous motor be sufficiently excited the current will lead. Hence, if it be connected 
across an inductive circuit as in the figure and the field be over excited it will compen- 
sate for the lagging current in the main, thus increasing the power factor. If the motor 
be sufficiently over excited the power factor may be made unity, the minimum current 
being thus obtained that will suffice to transmit the power in the main circuit. A syn- 
chronous motor used in this way is called a rotary condenser or synchronous compensalor. 
This is especially useful on long lines containing transformers and induction motors. 


Ques. What term is applied to describe the behavior 
of the current when hunting occurs? 


Ans. The term surging is given to describe the current 
fluctuations produced by hunting. 


The mechanical analogy of hunting illustrated in fig. 1,611 will help 
to an understanding of this phenomenon. Inalternating current circuits 
a precisely similar action takes place between the alternators and syn- 
chronous motors, or even between the alternators themselves. 
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CHARACTERISTICS OF SYNCHRONOUS MOTORS 


Starting.— The motor must be brought up to synchronous speed 
without load, a starting compensator being used. I provided with 
a self-starting device, the latter must be cut out of circuit at the proper 
time. The starting torque of motor with self-starting deviceis very small. 


Running.—The motor mins at synchronous speed. The maximum 
torque is several times full load torque and occurs at synchronous speed. 

Stopping.—If the motor receive a sudden overload sufficient to mo- 
mentarily reduce its speed, it will stop; this may be brought about by 
momentary interruption of the current, sufficient to cause a loss of 
synchronism. 


Effect upon Circuit.—In case of short circuit in the line the motor 
acts asa generator and thus increases the intensity of the short circuit. 
The motor impresses its own wave form upon the circuit. Over 
excitation will give to the circuit the effect of capacity, and under 
excitation, that of induciance. 


Power Factor.—This depends upon the field current, wave form 
and hunting. The power factor may be controlled by varying the 
field excitation. 


Necessary Auxiliary Apparatus.—Power for starting, or if self- 
starting, means of reducing the voltage while starting; also, field exciter, 
rheostat, friction clutch, main switch and exciter switch, instruments 
for indicating when the field current is properly adjusted. 


Adaptation.—If induction motors be connected to the same line 
with a synchronous motor that has a steady load, then the field of the syn- 
chronous motor can be over excited to produce a leading current, which 
will counteract the effect of the lagging currents induced by the induction 
motors. Owing to the weak starting torque, skilled attendance re- 
quired, and the liability of the motor to stop under abnormal working 
conditions, the synchronous motor is not adapted to general power dis- 
tribution, but rather to large units which operate under a steady load and 
do not require frequent starting and stopping. 
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Fics. 1,613 to 1,625.—Disassembled view of Western Electric three phase squirrel cage skeleton frame induction motor. 





Induction (Asyn- 
chronous) Motors.— 
Am induction motor con- 
sists essentially of an 
armature and a field mag- 
net, there being, in the 
simplest and most usual 
types, no electrical con- 
nection between these two 
parts.* 


According to the kind 
of current that an induc- 
tion motor is designed 
to operate on, it may be 
classified as: 


1. Single phase; 
2. Polyphase. 


The operation of an 
induction motor de- 
pends on the production 
of a magnetic field by 
passing an alternating 
current through field 
magnets. 


*NOTE.—The author prefers 
the terms armature and field mag- 
net, instead of ‘‘primary,’’ ‘'second- 
ary,  "'stator," "''rotor," etc., as 
used by other writers, the armature 
being the part in which currents 
are induced and the field magnet 
(or magnets) that part furnishing 
the field in which the induction 
takes place. 
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The character of this field is either 


1. Oscillating*, or 
2. Rotating, 


according as single phase cr polvphase current 15 uscd. 





Fics. 1,626 to 1,628.—Genersal Electric Lase construstio: for pol;phase induction motors. 
The base is made of cast iron. Adjustiig gear is provided to slide the motor along the 
base as shown in the illustrations, the movement being from 6 to 12 inches according to 
size. With this design of base, motors are securely held in position under all conditions and 
may be run with an upward pull on the belt. Close fitting guides moving in an accurately 
machined slot on the base preserve a correct alignment of the motor when adjustment of 
the latter is required. The same base can be used whether the motor be supported from 
the wall or ceiling or located on the floor. A single adjusting screw is placed under the 
center line of the motor frame, which produces an even and balanced draw in either 
direction on all parts of the motor when the belt tension is altered. This screw can be 
located at either end of the base. The base can be omitted when the motor is direct con- 
nected or when provision for belt adjustment is not required. 


Ques. Describe briefly the operation of a single phase 
motor. 

Ans. A single phase current being supplied to the field 
magnets, an oscillating ficld 1s set up. <A single phase motor is 





*NOTE.—"' The word oscillating is becoming specialized in its application to those currents 
and fields whose oscillations are being damped out, as in electric ‘oscillations.’ But for this, 
we should have spoken of an oscillating field." —S. P. Thompson. The author believes the word 
ON notwithstanding its other usage, best describes the sirgle phase field, and should be 
here u 
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not self-starting; but when the armature has been set in motion 
by external means, the reaction between the magnetic field and the 
induced currents in the armature being no longer zero, a torque 
is produced tending to turn the armature. 

The current flowing through the armature produces an alternating 


polarity such that the attraction between the unlike armature and field 
poles is always in one direction, thus producing the torque. 





Fic. 1,629.— Richmond three phase induction motor on base fitted with screw adjusting gear 
for shifting the position of the motor on the base to take up slack of belt. 


Ques. Why is a single phase induction motor not self- 
starting? 

Ans. When the armature is at the rest, the currents induced 
therein are at a maximum in a plane at right angles to the 
magnetic field, hence there 4s no initial torque to start the motor. 
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In order to prevent any mechan- 


indings, the terminal cables are clamped in insulate 


ical strain on the leads being transmitted to the motor w 


Yics. 1,630 to 1,641.— Terminals for General Electric polyphase induction motors. 
bushings with a connector for each cable. 





Ques. What 
provision is 
made for 
starting single 
phase induc- 
tion motors? 


Ans. Appar- 
atus is supplied 
for “splitting 
the phase'' 
(later described 
in detail) of the 


. single phasecur- 


rent furnished, 
converting it 
temporarilv into 
a two phase cur- 
rent, se as to 
obtain a rotating 
feld which is 
maintained till 
the motor is 
brought up to 
speed. ¿The 
phase splitting 
device is then 
cut out and the 
motor operated 
with the osczllat- 
ing field pro- 
duced by the 
single phase 
current. 
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Ques. Describe briefly the operation of a polyphase 
induction motor. 


Ans. Its operation is due to the production of a rotating 
magnetic field by the polyphase current furnished. “This field 
"rotating" in space about the axis of the armature induces 
currents in the latter. The reaction between these currents and 
the rotating field creates a torque which tends to turn the arma- 
ture, whether the latter be at rest or in motion. 





i 
" ` 

. 
a ... 


Fics. 1642 and 1643.—Western Electric end flange rivets and punchings of riveted frame induc- 
tion motor. The riveted frame is constructed of two cast iron flanges between which the 
stator laminations of sheet steel are securely clamped and riveted under hydraulic pressure. 
This construction exposes the laminations directly to the air and improves the radiation, 
thus insuring high overload capacity and low operating temperatures. The field slots are 
overhung or partially closed, affording mechanical protection to the coils. 


Ques. Why are induction motors called ‘‘asyn- 
chronous’’? 


Ans. Because the armature does not turn in synchronism 
with the rotating field, or, in the case of a single phase induction 
motor, with the oscillating field (considering the latter in the 
light of a rotating field). 


Ques. How does the speed vary? 


Ans. It is slower (more or less according to load) than the 
“field speed,” that is, than “synchronism” or the "synchronous 
speed.” 


HAWKINS ELECTRICTRMFE 


1,288 


*pouoe119 Burysea osvq 3vp uit 'sces'r “By 
ul UAOUS $t p[oyg punoA ojo[dui02 V '$42J9$ poptot Jojst[[U Inoy £q oouwd ui 8utuo1svj JO] ApuoJ 21v 'Gpo' p "Zu *“spuoy Hue 
Q9u3 *po4oo1d pue ans} pouinj uooq oASI[ Spud owes YOK 8 guts Buiseds oy} 1293)y — "[[9us puv szuia 3utovds 'siurqou 
ppy ay} uaamgoq uonv[oj ou) 91votpu! 01 ÁvAv jno Zuroq S1Jed oq3 'ounjonJ4s pjoy po[quiosse A[93o[duiroo Ət} JO UON V 
SAOQuS G19'[ “Bl 'osuq puv spuog puo oyy jo Jury puv szututqoeul oq 0j oanjona3s pjog 949 Sunedosd snyy *onssoud AAvoYy 
1opun sziutqound oq3 3946 po[Jo4 uouj st [[ous ou Jo oz po uodooQ], :uout p[29y oAnov ou) 293020 031 9ov]d o3ut 3nd o1u sut Sut 
-ouds jo 32s |unbo puv pt029s v uotuA 39978 *PO[quiosse MOU 92V 'spo'p “SY “OVUNUET JO ssuryound ppay yL "Org't oy uruoos oq 
Avur yorya ‘dt, Burutvjzas OY} SURAB pvas purn [JOYS oy OFUL Poo} OB 'Ly9' T ‘By ‘sduis Burovds jO JOQUNU 9/QEYNS Y 10178 
-1ədo 4xXou ayy UT | “sBuryound 0309 DY) DA19993 0) ÁPVOJ MOU $19] "Oro 729 ur sv oduvp J[eurs ou ZutAvo[ PNO RO UYI SI [PQS 
ow) JO pua 32u30 2t], CPO SOTO Pua ouo YYA tgp’ “Ay 'oduqs oq our po»vj Buroq ostp siu? *pro'tT *39 "[o53s 3Jos jo 3no ,, poxuviq,, 
10 poqound 3sajy st ostp y "[vioqgur DIJOUAVUL 9A1129U 91] 9pis1nO »[10A 2tu9V4J 18v 9t] 5DIOAV p Y IU SUL "sHutiound pjou 40 401038 
949 190793073 Auidure¡o pue 2um3oddns 1opui[Ao 20 [ous [2938 V Jo S351suoo qotA uorjon '3suoo p[oy 04] $1 SIOJOUI [[VUS UMEJP JO 
31n31v5J dutnjsrnaurnsip o([ — 8103001 JOMOd 28JOt| [vu0139UJJ [[ot]S uAvJp ot3399[2[. [U19U9£) JO uonona4suo)—'6F0'T O3 FEO'L "SOLI 





ALTERNATING CURRENT MOTORS 1,289 





Ques. What is the difference of speed calied? 
Ans. The slip. 


This is a vital factor in the operation of an induction motor, since 
there must be slip 1n order that the armature inductors shall cut magnetic 
lines to induce (hence the name *'induction"' motor) currents therein 
so as to create a driving torque. 





Fic. 1,650.—Ideal fifteen horse power two phase induction motor. The armature core is 
supported by a cast iron frame carried on a base. with sliding ways and screw adjust- 
ment for tightening the belt. The armature core is provided with ventilating apertures, 
with metal spacers between each tooth. The revolving field is a steel casting with radi- 
ally projecting poles, to which the pole shoes are bolted. The overhanging pole tips 
retain the field coils. AH coils of the smaller sizes are wound with insulated copper wire 
of square section, and of the larger sizes, with flat copper, wound on edge, each tum being 
insulated by sheet insulation. Motors of this type are adapted for use in small power 
plants and isolated plants. The relatively high speed for which they are designed, re- 
duces considerably the weight and overall dimensions. and likewise the cost. The exciter 
is belt driven. The normal kw. capacity of the exciter usually exceeds the kw. required 
for the excitation under normal load conditions to permit of station lighting. All exciters 
are built as compound wound dynamos, capable of delivering the exciter current up to 
125 volts, which is sufficient margin in the field to control the alternating current line 
voltage on circuits of unusually low power factor. 


Ques. What is the extent of the slip? 

Ans. It varies from about 2 to 5 per cent. of synchronous 
speed depending upon the size. 

Ques. Why are induction motors sometimes called 
constant speed motors? 

Ans. They are erroneously and ill advisedly, vet convenientlv 
so called by builders to distinguish them from induction motors 
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fitted with special devices to obtain widely varying speeds, and 
which are known as variable speed induction motors. 
The term adjustable would be better. 


Motor, Constant Speed.—A motor in which the speed is either constant or does not 
materially vary; such as synchronous motors, induction motors with small slip, and ordinary 
direct current shunt motors.—Paragraph 46 of 1907 Standardization Rules of the A.I.E.E. 


Motor, Variab'e Speed.—A motor in which provision is made for varying the speed as 
desired. The A.I.E.E. has unfortunately introduced the term varying speed motor, to designate 
“motors in which the speed varies with the load. decreasing when the load increases, such as 
series motors.” The term is objectionable, since by the expression variable speed motor a much 
more general meaning is intended. 





Fic. 1,651.—Western Electric core construction and method of winding field of skcleton 
frame induction motor. The coils are wound on forms to give them exact shape and 
dimensions required. They are pressed into hot moulds to remove any irregularities and 
then the coils are impregnated with hot cement, to bind the layers together in their per- 
manent shape. The portion of the coil which fits into the slot is wrapped with varnished 
cloth and a layer of dry tape is wound over the entire coil. The coils are then impregnated 
with an insulating compound and baked, the process being repeated six times. Coils for 
1,106 and 2,200 volt motors have an extra covering of insulation and double the amount 
of impregnating and baking. The coils may be furnished with special insulation and 
treatment for exceptionally severe service conditions, such as exposure to excessive 
moisture, extreme heat, acid or alkaline fumes, etc. The coils are accessible and for the 
final finish are sprayed with black varnish. 


Ques. Why do some writers call the field magnets and 
armature the primary and secondary, respectively? 

Ans. Because, in one sense, the induction motor is a species 
of transformer, that is, it acts in many respects like a trans- 
former, the primary winding of which is on, the field and "m 
secondary winding on the armature. LA p. COLLEGE LIBR 
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In the motor the function of the secondary circuit is to furnish energy 
to produce a torque, instead of producing light and heat as in the case 
of the transformer. Such comparisons are ill advised when made for 
the purpose of supplying names for motor parts. There can be no 
confusion by employing the simple terms armature and field magnets, 
remembering that the latter is that part that produces the oscillating or 
rotating field (according as the motor is single or polyphase), and the 
former, that part in which currents are induced. 





FIG. 1,652.—Armature of Allis-Chalmers squirrel cage induction motor. The frame casting 
is of the box type and has large cored openings for ventilation. Lugs are cast on the 
interior surface of the frame to support the core, leaving a large air space between. 


Ques. Why are polyphase induction motors usually 
presented in text books before single phase motors? 


Ans. Because the latter must start with a rotating field and 
come up to speed before the oscillating field can be employed. 


A knowledge then of the production of a rotating field is necessary 
11, to understand the action of the single phase motor at starting. 
^ NS! ; 
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Polyphase Induction Motors.—As many central stations 
put out only alternating current circuits, it has become nec- 
essary for motor builders to perfect types of alternating current 
motor suitable for all classes of industnal drive and which are 
adapted for use on these commercial circuits. Three phase 
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1,653 —Secuosal view showizg parts of Reliance polyphase induction motor. A special 
est of the sqcirrel cage armature construction 35 ‘the 3 multiabety of shert circuimng 
rings. The holes in tbe rings are bored shehtly smaller nin the diameter of the copper 
rods, and the fc rer fa gives good contact. The rings haz sing been for ced 19 place are dip 
saléeved in an alloy Ci tun oí high melting point. The motor parts are: 1, end yoke; 
z. shaft: 3, ecmature short circuiting rings; 4, oil mire: 5, seli-ahzning bearing bushing; 
6, spnder; 7, armature bars; §, Geld coils, 9, fiel id laminat jon end plate; 10, held laminations; 

1, ere bolt: 12, siator locking kev; 13. arma pro Aemet ions; }4. armature lamination 
end plate; 15, armature Jocling key; P6, dest cag; 17, oil well covet; 14, oi throws; 
1S, Seld frame; 20, squisrel cage armátere. 
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induction motors are slightly more efficient at all loads than two 
phase motors of corresponding size, due to the superior distri- 
bution of the field windings. The power factor is higher, especially 
at light loads, and the starting torque with full load current is 
also greater. Furthermore, for given requirements of load and 
voltage, the amount of copper required in the distributing system 
is less; consequently, wherever service conditions will permit, 
three phase motors are preferable to two phase. 





Fic. 1,654.— Tesla's rotating magnetic field. The figure is from one of Tesla's papers as given in 
The Electrician, illustrating how a rotating magnetic field may be produced with stationary 
magnets and polyphase currents. The illustration shows a laminated iron ring overwound 
with ‘our separate coils, AA, and BB, each occupying about 90° of the periphery. The 
opoosite pairs of coils AA and BB respectively are connected in series and joined to the 
leads from a two phase alternator, the pair of coils AA being on one circuit and the coils 
BB on the other. The resultant flux may be obtained by combining the two fluxes due to 
eS SA and BB, taking account of the phase difference of the two phase current, as in 

- 4,099. 


The coustruction of an induction motor is very simple, and 
since there are nc sliding contacts as with commutator motors, 
there can be nc sparks during operation—a feature which adapts 
the motor for use in places where fire hazards are prominent. 


The mctor consists, as already mentioned, simply of two parts: 
an armature and field magnets, without any electrical connection 
between these parts. Its operation depends upon: 
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1. The production of a rotating field; 
2. Induction of current in the armature; 
3. Reaction between the "evolving field and the induced currents. 





1 


Fic. 1,655.— Method of obtaining resultant flux of Tesla's rotating magnetic field. The: 
eight small diagrams here seen show the two components and resultant for: eight 
equivalent successive instants of time during one cycle. At 1, the vertical flux is at 
+ maximum and the horizontal 1s zero, At 2, the vertical flux is still + but decreasing, 
and the horizontal is + and increasing, the resultant is the thick line sloping at 45° up- 
wards to the right; At 3, the vertical flux is zero, and the horizontal is at its + maximum, 
and similarly for the other diagrams. Thus at 8, the vertical flux is + and increasing, 
‘while the horizontal is — and decreasing, the resultant is the thick line sloping at 45° 
upwards to thc left. At points 2, 4, 6, and 8 the increasing fluxes are denoted by full and 
the decreasing by dotted lines. The laminated iron of the ring is indicated by the circles, 
and the result is that at the instants chosen the flux across the plane of the ring is directed 
inwards from the points 1, 2, 3, 4, etc., on the inner periphery of the iron. There will, 
therefore, appear successively at these points effective north poles, the corresponding south 
poles being simultaneously developed at the points diametrically opposite. These poles 
travel continuously from one position to the next, and thus the magnetic flux across the 
plane of the ring swings round and round, completing a revolution without change of 
intensity during the cycle time of the current. 


Production of a Rotating Field.—It should at once be 
understood that the term “rotating field” does not signify that 
part of the apparatus revolves, the expression merely refers to 
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the magnetic lines of force set up by the ficld magnets without 
regard to whether the latter be the stationary or rotating member. 


A rotating field then may be defined as the resultant magnetic 


field produced by a system of coils symmetrically placed and supplied 
with polyphase currents. 


A rotating magnetic field can, of course, be produced by spinning a 
horse shoe magnet around its longitudinal axis, but with polyphase cur- 
rents, as will be later shown, the rotation of the field can be produced 
without any movement of the mechanical parts of the electro magnets. 





MAGNETIC 
NEED 


Fic. 1,656.—Arago’s rotations. The apparatus necessary to make the experiment consists of 
a copper disc M, arranged to rotate around a vertical axis and operated by belt drive, as 
shown. By turning the large pulley by hand,the disc M may berotated with great rapidity. 
Above the disc is a glass plate on which is a small pivot supporting a magnetic needle N. 
If the disc now be rotated with a slow and uniform velocity, the needle is deflected in the 
direction of the motion, and stops at an angle of from 20° to 30° with the direction of the 
magnetic meridian, according to the velocity of the rotation of the disc. If the velocity 


increase, the needle is ultimately deflected more than 90° and then continues to follow the 
motion of the disc. 


The original rotating magnetic field dates back to 1823, when 
Francois Jean Arago, an assistant in Davy’s laboratory, dis- 
covered that if a magnet be rotated before a metal disc, the 
latter had a tendency to follow the motion of the magnet, as 
shown in fig. 290, page 270 and also in fig. 1,656. This experi- 
ment led up to the discovery which was made by Arago in 1824, 
when heobserved thatthe number of oscillations which a magnetized 
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needle makes in a given time, under the influence of the earth's 
magnetism, is very much lessened by the proximity of certain 
metallic masses, and especially of copper, which may reduce the 
number in a given time from 300 to 4. 


DISC 
BELT 





BASE 


FIG. 1,657.—Explazation of Arago’s rotations. Part of fig. 1,656 is here reproduced in plas. 
Faraday was the first to give an explanation of the phenomena of magnetism by rotation 
in attributing it to the induction of currents which by their electro-dymamuic action, oppose 
the motion producing them; the action is mechacically analegous to inction. In the 
igure, let AB be a needle oscilla lating over a copper disc, and s:ppose that in one of its 
oscillations it goes in the direction of the arrow from M toS. In approaching the poit S, 
for instance, 11 develops there a current in the opposite direction, and which therefore 
repels it; in moving away from M it produces currexts which are of the same kind, amd 
which therefore attract, and both these actions concur 112 bringing it $0 rest  . 
suppose the metallic mass turn from M towards S, and that the magnet be Exec; the 
magnet will repel by induction poizis such as M which are approachizg A. and wx attract 
S which is moving away; hence the motion of the meal saene: as in Fa: -aday's experiment. 
If in Arago’s experiment the disc be moving iron M t0 S, M approaches Å asd: repels it, 
while S, moving away, attracts iz; hence the needle moves in the same direction as s the disc. 
Ii this explanation be true, all circumstances which favor induction will increase the 
dynamic action; and those which diminish the former will also lessen the latter 


The explanation of Arago’s rotations is that the didi 
field cutting the disc produces eddy currents therein and the 
reaction between the latter and the field causes the disc to follow the 
rotations of ihe field. 
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The induction motor 1s a logical development of the experiment 
of Arago, which so interested Faraday while an assistant in 
Davy’s laboratory and which led him to the discovery of the laws 
of electro-magnetic induction, which are given in Chapter X. 

*In 1885, Professor Ferraris, of Turin discovered that a 
rotating field could be produced from stationary coils by means of 
polyphase currents. 





COPPER 
CUBE 





Fic. 1,658.—Experiment made by Faraday being the reverse of Arago's first observation. 
Faraday assumed that since the presence of a metal at rest stops the oscillations of a 
magnetic needle, the neighborhood of a magnet at rest ought to stop the motion of a 
rotating mass of metal. He suspended a cube of copper by a twisted thread, which was 
placed between the poles of a powerful electromagnet. When the thread was left to itself, 
it began to spin round with great velocity, but stopped the moment a powerful current was 
passed through the electro-magnet. 


[This discovery was commercially applied a few years later by 
Tesla, Brown, and Dobrowolskv. 





*NOTE.— Walmsley attributes the first production of rotating fields to Walter Bailey in 
1879. who exhibited a model at a meeting of the Physical Society of London, but very little 
was done, it is stated, until Ferraris took up the subject. 


tNoTe.—The Tesla patents were acquired in the U. S. by the Westinghouse Co. in 1883, 
and polyphase induction motors, as they were called, were soon on the market. Brown of the 
Oerlikon Machine Works developed the single phase system and operated a transmission 
plant over five miles in length at Kassel, Germany, which operated at 2,000 volts. 
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The principles of polyphase motors can be best understood by 
means of elementary diagrams illustrating the action of poly- 
phase currents in producing a rotating magnetic field, as ex- 
plained in the paragraphs following. 


Production of a Rotating Magnetic Field by Two Phase 
Currents.—Fig. 1,659 represents an iron ring wound with coils 
of insulated wire, which are supplied with a two phase current 
at the four points A, B, C, D, the points A and B, and C and D, 
being electrically connected. 
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FiG. 1,659. — Production of a rotating magnetic field by two phase currents. The figure repre 
sents an iron ring, wound with coils of insulated wire, and supplied with two phase currents 
at the four points A, B, C, and D. The action of the two phase current on the ring in 
producing a rotating magnetic field is explained in the accompanying text. 


According to the principles of electro-magnetic induction, if 
only one current a entered the ring at A, and the direction of 
the winding be suitable, a negative pole (—) will be produced at 
A and a positive pole (+) at B, so that a magnetic needle 
pivoted in the center of the ring would tend to point vertically 
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upward towards A. Now suppose that at this instant, corre- 
sponding to the beginning of an alternating current cycle, a 
second current b, differing in phase from the first by 90 degrees, 
is allowed to enter the ringat C. Asshown in fig. 1,659, when the 
pressure of the current a is at its maximum, that of the current 
b is at its minimum; therefore, even a two phase current, at the 
beginning of the cycle, the needle will point toward A. 


PHASE B 
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ic. 1,660.— Production of rotating magnetic field in a two pole two phase motor. The poles 
are numbered from 1 to 4 in a clockwise direction. Phase A winding is around poles 1 
and 3, and phase B winding, around poles 2 and 4. In each case the poles are wound 
alternately, that is, if 1 be wound clockwise, 3 will be wound counter clockwise, thus pro- 
ducing unlike polarity in opposite poles. Now during one cycle of the two phase current, 
the following changes take place, starting with pole 1 of N polarity and 3, of S polarity: 


One Cycle 
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Fic. 1,661.—Diagram showing reszltaxt poles due to Two phase current. 





P:G. 1,662.—Diagram cí two phase, six pòle Seld winding. There are six coils in each phase, 
% ase az 


ix 
is shown. The coms oic se are connected in senes, adjacent coils being jomed 
i ch 


n opposite senses, thus, fo phase, first ome coil is wound clockwise, and the 
ex. cummer clockwise. 


AM 


t: 
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As the cycle continues, however, the strength of a will diminish 
and that of b increase, thus shifting the induced pole toward C, 
until b attains its maximum and a falls to its minimum at 90? 
or the end of the first quarter of the cycle, when the needle will 
point toward C. At 90°, the phase a current reverses in direction 





PHASE B 


Fic. 1,663.—Diagram of two phase, eight pole field winding. The winding is divided into 
16 groups (equal to the product of the number of poles multiplied by the number of phases). 
Each group such as at A comprises a number of coils in series, each coil being located in a 
separate pair of slots, the end of one being connected to the beginning of the next. 
When the currents are in the same direction, the currents circulate in the same direc- 
tion in two adjacent groups, a pole then with this arrangement being formed by two 
groups, both phases contributing to the formation of the p le. After 24 cycle when the 
current in each phase r. verses, the pole advances the angular distance, covered by two 
groups; hence the field completes one revolution in eight alternations of current. 


and produces a negative pole at B, and as its strength increases 
from 90° to the 180° point of the cycle, and that of phase b 
diminishes, the resultant negative pole is shifted past C toward 
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B, until a attains its maximum and b falls to its minimum at 
180°, and the needle points in the direction of B. 

At the 180? point of the cycle, b reverses in direction and pro- 
duces a negative pole at D, and as the fluctuation of the pressure 
of the two currents during the second half of the cycle, from 
180? to 360?, bear the same relation to each other as during the 
first half, the resultant poles of the rotating magnetic field thus 
produced carry the needle around in continuous rotation so 
long as the two phase current traverses the windings of the ring. 











Ni 
y A 


Fic. 1,684.—Moving picture method of showing motion of a rotary magnetic field, A number 
of sheets of paper are prepared, each containing a drawing of the motor frame and a 
magnetic needle in successively advancing angular positions, indicating resultant directions 
of the magnetism. The sheets are bound together so that the axis of the needle on each 
sheet coincides. When passing the sheets in one way the revolving field will be seen to 
rotate in one direction, while, when moving the sheets backward, the rotation of the 
magnetic field is in the opposite direction, showing that the reversal of the order of the 


coils has the effect of reversing the rotation of the magnetic field. 


— 


Production of Rotating Magnetic Field by Three Phase 
Current.—A rotating magnetic field is produced by the action 
of a three phase current in a manner quite similar to the action 
of a two phase current. Fig. 1,685 shows a ring suitably wound 
and supplied with a three phase current at three points A, B, C, 
120° of a cycle apart. 
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180° THREE PHASE ALTERNATOR 


Fic. 1,685.—Production of a rotating magnetic field by three phase current. A cing wound as 
shown is tapped at points A, B, and C, 120° apart, and connected with leads to a three 
phase alternator. As described on page 1,301, a rotating magnetic field is produced 
in a manner similar to the two phase method. 





Pic. 1,686.—Diagram of three phase, four pole Y connected field winding. 
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At the instant when the current a, flowing in at A, is at its maximum, 
two currents b and c, each one-half the value of a, will flow out B and C, 
thus producing a negative pole at A and a positive pole at B and at C. 
The resultant of the latter will bea positive pole at E, and consequently, 
the magnetic needle will point towards A. 


PHASE B 





Fic. 1,657.— Production of a rotating magnetic field in a two pole three phase motor. In 
order to obtain a uniformly rotating magnetic field, it is necessary to arrange the phase 
windings in the direction of rotation, in the sequence ACB, not ABC as indicated on the 
magnets. Thus poles 1 and 4 are connected in series to phase A, 2 and 5 in series to phase 
C, and 3 and 6 1n series to phase B. The different phase windings are differently lined, 
and it should be noted that they have a common return wire, though this 1s not abso- 
lutely necessary. Since the phases of the three currents differ from each other by one- 
third of a period or cycle, each of the phase windings will therefore set up a field between 
its poles, which at any instant will differ, both in direction and magnitude, from the fields 
set up by the other phase windings. Hence, the three phase windings acting together will 
produce a resultant field, and if plotted out, the directions of this field for various fractions 
of the period is such that in one complete period the resultant field wit] make one complete 
round of the poles in a clockwise direction, as indicated by the curved arrow. The posi- 
tions of the resultant field during one complete period may be tabulated as follows: 


Y ” KEZ,LIEEEIQ:IIII,I€IIIIIÉIÉIŠÉIIÉI II I2IIAIIII—IIIIII T Y TI€I£”=€ÉTIŠIIIIIIXI'SXIS@CT—— aaa cm -Ç 


| One Cycle 








0? to 60? | 60? to 120? | 120? to 180? | 1S0? to 210? | 240? to 300? | 300? to 360* 








Polarity |IN — 45 2N — 5S 3N — 6S 4N — 1S SN — 28 6N — 3S 
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As the cycle advances, however, the mutual relations of the fluctu- 
ations of the pressures of the three currents, and the time of their 
reversals of direction will be such, that when a maximum current is 
flowing at any one ot the points A, B, and C, two currents each of one- 
half the value of the entering current will flow out of the other two 
points, and when two currents are entering at any two points, a current 
of maximum value will flow out of the other point. This action will 
produce one complete rotation of the magnetic field during each cycle 
of the current. 


PHASE A 


PHASE B 
PHASE C 





Fic. 1,688.—Production of three phase rotating magnetic field with winding on laminat 
ironring. The winding is divided into twelve sections, which are connected in three groups, 
A, B, and C, of four sections each, the sections in each group being evenly placed round 
the ring with the sections of the two other groups between them. One end of each group is 
to be connected to the line wire and the other end to the common junction J, from which 
it follows that the winding given is an example of “star” winding. With three pEase 
currents the winding will give at every instant four N poles and four S poles round the 
ring, and in actual working these poles will be on the inner periphery because of the presence 
of an inner rizg or cylinder of good magnetic iron placed, with the requisite clearance to 
allow of rotation, as close as is mechanically possible to the outer ring. Each one of these 
eight poles will make a complete revolution round the ring in four times the periodic time 
of the currents supplied. Thus. if the supply current has a frequency of 50, a complete 
revolution of the field will take place in .0S (= 4/s9) of a second, which corresponds to an 
angular velocity of 750 revolutions per minute in place of 3,000 revolutions per mintte, 
which would be the angular velocity with a bi-polar field at this periodicity. Similarly a 
continuously wourd Gramme ring tapped at twelve points. joined in three groups of four 
each to the supply mains, would give an eight pole rotary field. In this case the grouping 
would be a mesh" zroupizg, with each side of the mesh formed of four coils in parallel. 
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Slip.—Instead of the magnetic needle as was used in the 
preceding figures, a copper cvlinder may be placed in a rotating 
magnetic field and it will be urged also to turn in the same direc- 
tion as the rotation of the field. 


PRASE A 





PHASE C 





Fic. 1,709.— Diagram of three phase, six pole field winding. There are 18 groups, and the 
sequence of phases is ABC in a counter clockwise direction. For a Y connection, the 
middle phase is reversed, so that a pole will be formed by the three consecutive phases 
when the current is in the same direction in À and C, and opposite in B. The beginning 
oí the middle coil C, and not the end, as with the other two, is connected to the common 
point O. In this case the pole shit. a distance equa] to three groups for each alternation, 
so that one revolution of the field requires three cycles. 


The torque tending to turn the cylinder 1s due to the induction 
of currents of opposite polarity in the cylinder. 
For simplicity, the rotating magnetic field may be supposed 
to be produced by a pair of magnetic poles placed at opposite 
sides of the cylinder and revolved around 71 as in fig. 1,710. 


ALTERNATING CURRENT MOTORS PTT 





Now, for instance in starting, the cylinder being at rest any 
element or section of the surface as the shaded area A B, will, 
as it comes into the magnetic field of the rotating magnet, cut 





Fic. 1,710.—Copper cylinder and rotating magnet illustrating the principle of operation of an 
induction motor. The "rotating magnetic field" which is necessary for induction motor 
operation is for simplicity here produced by rotating a magnet as shown. In starting, 
the cylinder being at rest, any element as AB, as it is swept by the field will cut magnetic 
lines, which will induce a current upward in direction as determined by applying Flem- 
ing's rule (fig. 132, page 133). The inductive action is strongest at the center of the field 
hence as AB passes the center the induced pressure along AB is greater than along elements 
more or less remote on either side. Accordingly a pair of eddy currents will result as 
shown (see fig. 291, page 271). Applying the right hand rule for polarity of these eddy 
currents (see fig. 119, page 117) it will be seen that a S pole is induced by the eddy on 
the side of the cylinder receding from the magnet. and a N pole by the eddy on the side 
toward which the magnet isapproaching. Thecylinder then, is attracted in the direction 
of rotation of the magnet by the induced pole on the receding side, and repelled in the same 
direction by the induced pole on the approaching side. Accordingly, the cylinder begins 
to rotate. The velocity with which it turns depends upon the load; it must always turn 
slower than the magnet, in order that its elements may cut magnetic lines and induce 
poles to produce the necessary torque to balance the load. The difference in speed of 
the magnet and cylinder is called the slip. Evidently the greater the load. the greater 
is the slip required to induce poles of sufficient strength to maintain equilibrium. The 
figure is drawn somewhat distorted, so that both eddies are visible. 


roi 
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Fags, 1,711 to 1,718.—Parts of Allis-Chalmers polyphase induction motor with squirrel cage armature. 





magnetic lines of 
force inducing a cur- 
rent therein, whose 
direction is easily 
determined by ap- 
plying  Fleming's 
rule. 

Since the field is 
not uniform, but 
gradually weakens, 
as shown, on either 
side of the shaded 
area (which is just 
passing the center), 
the pressure induced 
on either side will 
be less than that 
induced in the shad- 
ed area, giving rise 
to eddy currents 
(as illustrated in 


NoTe.—In order to avoid 
confusion in applying Flem- 
ing's rule, it may be well to 
regard the pole as being sta- 
tionary and the cy hnder as in 
motion; for, since motion js 

**purely a relative matter” 
(see fig. 1.393), the inductive 
action u be the same as if 
the pole stood still while the 
cylinder revolved from left to 
right, that is, counter clock- 
wise. looking do nonjt. Re- 
garding it thus (pole station 
ary and cylinder revolving 
cou iter clockwise) Fleming's 
rule (see fig. 132, page 133) is 
easily applied to ascertain the 
direction of the induced 
current, which is found to 
flow upward in the shaded 
area as shown. 
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fig. 291, page 271). These eddy currents induce poles as indi- 
cated at the centers of the whorls, the polarity being determined 
by applying the right hand rule (fig. 119, page 117). 

By inspection of fig. 1710, it is seen that the induced pole toward 
which the magnet is moving 1s of the same polarity as the magnet; 
therefore it 7s repelled, while the induced pole from which the 
magnet ts receding, being of opposite polarity, is attracted. A 
torque is thus produced tending to rotate the cylinder. 


It must be evident that this torqueis greatest when the cylinder 
is at rest, because the magnetie lines are cut by any element on 
the cylindrical surface at the maximum rate. 


Moreover, as cylinder is set in motion and brought up to speed, 
the torque is gradually reduced, because the rate with which the 
magnetic lines are cut is gradually reduced. 


Ques. What is the essential condition for the operation 
of an induction motor? 


Ans. The armature, or part in which currents are induced, must 
rotate at a speed slower than that of the rotating magnetie field. 


In the elementary induction motor, fig. 1,710, the cylinder is the 
armature, and the rotating magnets are the equivalent of a rotating 
magnetic field. 


Ques. What is the difference of speed called? 
Ans. The slip. 


Ques. Why is slip necessary in the operation of an in- 
duction motor? 


Ans. If the armature had no weight and there was no friction 
offered by the bearings and air, it would revolve in synchronism 
with the rotating magnetic field, that is, the slip would be zero; 
but since weight and friction are alwavs present and constitute 
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a small load, its speed of rotation will be a little less than that of 
the rotating magnetic field, so that induction will take place, in 
amount sufficient to produce a torque that will balance the load. 
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Fic. 1,719.— General Electric vertical type induction motor; sectional view showing oiling 
system. It is provided with ball thrust bearings and top and bottom guide bearings, and 
a continuous flow of oil is maintained through all the bearings by means of a pump which 
is made integral with the motor. The ball thrust bearings are designed to support the 
weight of the armature only. In cases where the armature is direct connected a flexible 
coupling should be used to prevent additional weight coming on the thrust bearings. In 
operation, when the motor starts, the oil, revolving with the pan, flows against the station- 
ary nozzle and is forced by its velocity at a high pressure through the oil pipe into the 
reservoir on top. It then flows down through the ball bearing and upper guide bearing, 
through a slot in the armature spider into the lower guide bearing and thence into the 
oil pan. Thus a continuous stream of oil is delivered through all bearings. 


Ques. How is slip expressed? 


Ans. In terms of synchronism, that is, as a percentage of the 
speed of the rotating magnetic field. 
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The slip is obtained from the following formula: 
Slip (rev. per sec.) = S,¿—S4 


or, expressed asa percentage of synchronism, that is, of the synchronous 


speed, 
: (Sy — Sa) X 100 
SHE e - 

where 


Sf = Synchronous speed, or R.P.M. of the rotatory magnetic field; 
Se = Speed of the armature. 





lic. 1,720.—Triumph back geared polyphase induction motor. A great many applications, 
especially for direct attachment, require the use of either a very slow or special speed 
motor. As these are quite costly, the preferable arrangement, and one equally as satis- 
factory, is the use of a standard speed motor combined with a back geared attachment. 


Rawhide pinions are furnished whenever possible, insuring smooth running with a mini- 
mum of noise. 


The synchronous speed is determined the same as for synchronous 
motor by use of the following formula: 
2f 
Go E 
dre 
where 


Sf = Synchronous speed or R.P.M. of the rotating magnetic field; 
P = Number of poles; 


f = frequency. 


HAWKINS ELECTRICITY 


1,316 


*Koj[nd ‘ey 
fuvj 2Anj2211p ]Jeujojut 'z ipvoq 3utvoq Jo} ^o158 dvo 'x *(304S) oure3j puv oseq JOJOULJO] [oq YX :AoJ9Ss 
Burjsn{pe oseq sojour ‘Ay 5 osuq Jo30Ur 10; 930 “A *Əsueq Jo30ur *() puou Xuueaq Joj #n[d odid 303508 'S 112402 
[JOM JO "Vy 549400 [[BA^ po J0) magas '(j :puo Aand aytsoddo peasy Autsvaq ‘gf +39JU HO *O ‘spo poy J0} 843143 

03 UNPOGA ‘N tSo poy ‘Jy fpsvoq eurog JOj 49498 7 soed peuruno3 *s[ tspray Joyour JO} Aurysng Joqqns 
qjos q *Spvd] JOJOUL JOJ 101599uuo2o [|uuttu39) '[ *sptə[ 4olou [I ‘Sped pur ovd I[eururi9, “urpu UTA 939|duioo 


‘ploy * ¿spudy Butsvoq Joy Mosos duo ‘yy “pus Aojnd 'peoq 3uivoq 'qp isum Óunvoq *qp iun [ro *2 :l1Jvus 
91njveurio 10) ÁOX '£[ *o0n3wunie *V — *s1030u1 Uuorjonput oseudAqod [peus 514359][4[ [U10u04) Jo $349 —'6£2'[ 09 1221 "SONY 








ALTERNATING CURRENT MOTORS hore 





The following table gives the synchronous speed for various frequen- 
cies and different numbers of poles: 


Table of Synchronous Speeds 





R.P.M. of the rotating magnetic field, when number 
of poles is 
Frequency 





Ques. How does the slip vary? 

Ans. It varies from about 1 per cent. in a motor designed 
for very close regulation to 40 per cent. in one badly designed, 
or designed for some special purpose. 


Ques. Why is the slip ordinarily so small? 


Ans. Because of the very low resistance of the armature, 
very little pressure is required to produce currents therein, of 
sufficient strength to give the required torque. Hence, the 
necessary rate of cutting the magnetic lines to induce this pres- 
sure in the armature 1s reached with very little difference between 
the field speed and armature speed, that is, with very little slip. 


Ques. How does the slip vary with the load? 
Ans. ‘The greater the load the greater the slip. 


In other words, if the load increase, the motor will run slower, and 
the slip will increase. With the increased slip, the induced currents 
and the driving force will further increase. If the motor be well de- 
signed so that the field strength is constant and the lag of the arma- 
ture currents is small, the driving force developed or torque will be pro- 
portional to the slip, that is the slip will increase automatically as the 
load is increased, so that the torque will be proportional to the load. 
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According to Weiner, the slip varies according to the following table: 


SLIP OF INDUCTION MOTORS 











, Slip at full load | Slip at full load 
Capacity per cent. | Capacity | per cent. 


Motor | rer 








H. P. Usual limits | Average | H. P. | Usual limits | Average 
1/8 20 to 40 30 | 15 sio 8 
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172 IO ''380 15 | 30 3“ 9 6 
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Fic. 1,736.—Sector method of measuring the slip of induction motors. A black disc having 
a number of white sectors (generally the same as the number of poles of the induction 
motor) is fastened with wax to shaft of the induction motor, and is observed through 
another disc having an equal number of sector shaped slits (that is a similar disc with the 
white sectors cut out) and attached to the shaft of a small self-starting synchronous motor, 
which is fitted with a revolution counter that can be thrown in or out of gear at will; then 
the slip (in terms of Nr) =N + (Ns + Nr), in which: N = number ot passages of the 
sectors; Ns = number of sectors; Nr = number of revolutions recorded by the counter 
during the interval of observation. For large values of slip, the observations may be 
simplified by using only one sector (Ns = 1), then N will equal the slip in revolutions. 
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Ques. Describe one way of measuring the slip. 

Ans. A simple though rough wav is to observe simulta- 
neously the speed of the armature and the frequency, calculating 
the slip from the data thus obtained, as on page 1,315. 


This method is not accurate, as, even with the most careful readings, 
large errors cannot be avoided. A better way is shown in fig. 1,7306. 





Fic. 1,737.— Detail of Westinghouse squirrel cage armature for induction motor. This ig 
an example of cast or construction similar to that of Morse-Fairbanks (see figs. 1,752, 1,753 
and 1,915). The inductors are embedded in a special cement. 


Evolution of the Squirrel Cage Armature.—In the early 
experiments with rotating magnetic fields, copper discs were used: 
in fact, it was then discovered that a mass of copper or any con- 
ducting metal, if placed in a rotating magnetic field, will be urged 
In the direction of rotation of the field. 

Ferraris used a copper evlinder as in figs. 1,710 and 1,738, 
which was the first step in the evolution of the squirrel cage 
armature. The trouble with an armature of this kind is that 
there is no definite path provided for the induced currents. 
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Fics. 1,738 to 1,744.—Evolution 
of the squirrel cage armature. 
The early experiments of Arago, 
Herschel, Babbage and Baily 
demonstrated that a mass of 
copper or any conducting metal, 
if placed in a revolving mag- 
netic field. will be urged to re- 
volve in the direction of the 
revolving field. They used 
discs, but Ferraris used a cop- 
per cylinder as shown in figs. 

1,710 and 1,738; this was the first squirrel cage 
armature. Figs. 1,739 to 1,744 show the gradual 
development of the primitive device shown in fig. 
1,735: fig. 1,739, Ferraris’ cylinder with slots re- 
stricting the path of induced currents; fig. 1,740, 
Dobrowolsky's so called squirrel cage which he 
embedded in a solid iron core, as in fig. 1,711: 
fig. 1,742, design with insulated bars and laminated core to prevent eddy currents in the 
core; fig. 1,743, laminated core with ventilating ducts; fig. 1,744, modern squirrel cage 
armature representing the latest practice as built by Mechanical Appliance Co. The core 
is built up of discs punched from No. 29 gauge electrical sheet, insulated from each other 
and firmly clamped between end plates locked_on the shaft. The slots in the discs are 
of the same general form as those in the core. Heavy fibre end pieces, punched to match 
the discs are placed at each end of the core, to prevent the bars coming in contact with 
the sharp edges of the teeth. The winding is made up of rectangular copper bars, passing 
through slots in the core, and short circuited on each other by means of copper end rings 
of special design. The bars are pressed into holes punched in the end rings, and the contact 
is then protected from corrosion by being dipped in a solder bath. The bars are insu- 
lated from the iron of the core by fibre cell projecting beyond the end of the slot. To 
secure ventilation the short circuiting rings are set some distance from the end ot the 
core. In this way the bars between the core and the ring act as the vanes of a pressure 
blower, forcing a large volume of air through the field coils and ventilating openings. 
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Obviously, a better result is obtained if, in fig. 1,738, the down- 
ward returning currents of the eddies are led into some path 
where they will return across a field of opposite polarity from 





Fic. 1,745.— Mechanical Appliance Co. solid core discs as used on small and medium size 
induction motors. 





Fic. 1,746.—AlliseChalmers squirrel cage armature construction. The core laminae are 
mounted on a cast iron spidcr having arms shaped to act as fan blades for forcing air 
through the motor. The spider is pressed on te the shaft. In the smallest sizes the punch- 
ings are mounted directly on the shaft, which is properly machined to hold them firmly. 
Copper bars are used as inductors in the larger sizcs, and copper rods in the smaller sizes. 
The ends of the inductors are turned down somewhat smaller than the body and fit in 
holes in the end rings. The shoulder thus formcd fits firmly against the end rings. Good 
electrical contact is obtained by expanding the inductors in the end ring holes. In large 
armatures both bars and end rings are of rectangular cross section, the bars and rings 
being fastened by machine steel cap screws. 
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that across which they ascended, as in such case, the turning 
effect will be doubled. Accordingly the design of fig. 1,738 was 
modified by cutting a number of parallel slits which extended 
nearly to the ends, leaving at each end an uninterrupted “ring” of 
metal. This may be called the first squirrel cage armature, and 
in the later development Dobrowolsky was the first to employ 
a built-up construction, using a number of bars joined together 
by a ring at each end, as in fig. 1,740, and embedded in a solid 


2 
3 


: LUTTA 





Fic. 1,747.— Triumph squirrel cage armature. In construction thin sheet steel laminations, 
japanned, are built up to form the core, and are rigidly clamped together by heavy malleable 
iron end plates. Semi-enclosed slots are punched in the outer periphery to receive the 
windings, so that none of the centrifugal force is carried by the mductors. These in- 
ductors are set edge on, and are riveted and soldered into resistance rings. These rings 
are punched to receive the inductors in such a manner that there is an unbroken strip of 
metal completely surrounding them. Moreover, the short circuiting rings are set some 
distance from the end of the core. so that the inductors between the core and ring act as 
vanes to force air through the coils for ventilation. 


mass of iron, as in fig. 1,741; he regarding the bars merely as 
veins of copper lying buried in the iron. 


A solid cylinder of iron will of course serve as an armature, as it is 
magnetically excellent; but the high specific resistance of iron prevents 
the flow of induced currents taking place sufficiently copiously; hence 
a solid cylinder of iron is improved by surrounding it with a mantle of 
copper, or by a squirrel cage of copper bars (like fig. 1,740), or by 
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Fic. 1,748 —General Electric soidered form of end ring construc: ion on squirrel cage am: 
tures. The armature inductors or copper bars laid in the core slots are shëm circuited bs 
these end rings which are also made of c oper. Fer the smaller sizes the rings are chin, 
O 1 ia th and are held agan by spacing washers. They have rectan- 
he outer peripkezies :trouga which the bars pass. Lips are 
formed on the sings, as shown, to which the bars are soldered 





Fic. 1.749.—General Eleceric welded form of end rine constrecz:0n on squirrel cage armatures. 
Space lim-tetuons make 1 dieu :0 provide mu!::ple soldered rings of sdlieiem area for 
large mc*o:s; hence, on such machines welding is resorted to, as shown. The ring in welded 
construct-on :3 placed bemeath the bars at each end of the armature. Short radial bars 


are welded to the edges of these mimes and zo the inductors uel case bars, thereby 
e ` 1 
“nea! cos Ee 
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embedding rods of copper (short circuited together at their ends with 
rings) in holes just beneath its surface. However, since all eddy currents 
that circle round, as those sketched in fig. 1,738, are not so efficient in 
their mechanical effect as currents confined to proper paths, and as they 
consume power and spend it in heating effects, the core was then 
constructed witn laminations lightly insulated from each other, and 
further the squirrel cage copper bar inductors were fully insulated 
from contact with the core. Tunnel slots were later replaced by designs 
with open tops. 
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DISCS 








THROUGH BOLTS 


" VENTILATING 
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Fics. 1,750 and 1,751.—Built up core construction with discs punched in one piece. The 
spider proper consists of a hub provided with four radial arms, which fit the inner diameter 
of the disc. The hub is bored out so that it fits very tightly on the shaft, and a key is 
provided to avoid any chance of turning. The core disks are clamped firmly in place 
by two heavy cast iron end plates which are pressed up and held by the bolts. Thes 
bolts pass under the discs, so that there is no danger of their giving rise to eddv currents. 
The key not only prevents the discs turning on the spider but also ensures the alinement of 
discs, which is necessary to make the teeth form smooth slots when the core is assembled. 


Fig. 1,744 shows a modern squirrel cage armature conforming to the 
latest practice, other designs being illustrated in the numerous accom- 
panying cuts. 

In the smaller sizes, the core laminz are of the solid type as shown 
in fig. 1,745, but for larger motors the core consists of a spider and 
segmental discs as shown in figs. 1,750 and 1,751. 

Fig. 1,748 shows a soldered form of end ring construction, and figs. 
1,752 and 1,753 the method of welding the end ring to the inductors. 
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The Field Magnets.—The construction of the field magnets, 
which, when energized with alternating current produce the 
rotating magnetic ficld, is in many respects identical with the 
armature construction of revolving field alternators. 





Fic. 1,752.—Fairbanks-Morse squirrel cage armature with cast-on rings showing inspection 
grooves. The method consists in fusing the ends of the inductors into an end ring of a 
special composition, thereby producing a perfect electrical and mechanically strong joint. 
In this process the armature with its bars in place is put into a mould and the molten 
metal poured around the inductors, melting their ends and effectually fusing them into 
the body of the ring. The ring is then turned down to finished size and polished. An in- 
spection groove is cutas shown to indicate that the fusion is complete and the joint perfect. 





Fic. 1,753.— Section of Fairbanks- Morse “‘cast-on"’ joint showing union of end ring and inductor, 


» 


Tac view shows the V-shape inspection groove as described in fig. 1,752. 
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Broadly, the field magnets of induction motors consists of: 


1. Yoke or frame; 
2. Laminae, or core stampings; 


3. Winding. 





Fic. 1,754.—Richmond field construction for polyphase induction motors, showing style of 
winding for use with squirrel cage and wound armature types. 


Ques. What is the construction of the yoke and 
laminae? 


Ans. They are in every way similar to the armature frame 
and core construction of revolving field alternators. 


Field Windings for Induction Motors.—The field wind- 
ings of induction motors are almost always made to produce 
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Pic. 1,755.--— Western Electric squirrel cage armatnre of high speed induction moto: 
tor centrifegal pumo service. Thais amatere is en example oi heavy duty construc- 
wen. The tadnuctors are welded to the short circuiting end rings, the latter being located 

@ incuctors, es shown Fan vanes ate provided a: one end for ven:ilamon. 

ad constrection, the core lemicawons ate assembled in a closed box frame, anc 

camped by heavy mnes while under hrdrazlic pressure. The stator owls are form wound 
and sebjecied io a special inselewme process. whoch renders them especially rmpervsous 

19 mosSiure, 25d capable of ¡SE witke -eakdow*n in locatj)ozs which are vos 

amp fot orémary moiors. The hearing brackets are df simd mechanical construction, 

and ATTE ] sizes are sphi i0 iacihta:e rernmoval of ihe 
hese machines range in size from 50 to 200 horse power, 

: them 10 heavy and severe sezvice, such as is met with 

25 Tuning, the const-mc’ ion of dams, cana's, aqne@ncts, tumne_- etc. 
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Fic. 1,5 —Wagnez squisrel cage armarure for polyphase imducijon motor, as employed on 
motors Cl irom 5 to 25 horse power. The features di ceastruction as seen in the illustravon 


are bar inducters, ventilating pessages thrwerh the core laminae, riveted cosmection 


teli-eel2 isCucióts acd ered memes venwiatime vares on end plate, extra large end rin 

The ebsect of making the mores ususually large is 10 mate the resistance of the rings lower 

tao is Sesrabile jor some classes of service. 1m order 10 obtain moters hawng minimum 
š Zee cy, amd marnmum overinad capacirr under normal operation. When 


lerqze required by seme very uvusual and ertitely abnormal imszallation exceeds that 
w ihe average condsv0ns. :1 18 an easy Matter to reduce the section of the end sings, by turn- 
iog bem down im a lathe, ibereby imcreasimg ibe resustamce and starting torque. 
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more than two poles in order that the speed may not be un- 
reasonably high. "This will be seen from the following: 


If P be the number of pairs of poles per phase, f, the frequency, and 
N, the number of revolutions of the rotating field per minute, then 


. 60 x f 
MN» 


Thus for a frequency of 100 and one pair of poles, N = 60 X 100 — 
= 6,000. By increasing the number of pairs of poles to 10, the tre- 





Fic. 1,757.—Richmond squirrel cage armature. The copper bars are double riveted at either 
end to the resistance rings, then dipped into a solder bath. 


quency remaining the same, N = 60 X 100 = 10 = 600. Hence, 
in design, by increasing the number of pairs of poles the speed of the 
motor 1s reduced. 


Ques. State an objection to very high speed of the 
rotating field. 

Ans. The more rapid the rotation of the field, the greater is 
the starting difficulty. 
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Ques. Besides employing a multiplicity of poles, what 
other means is used to reduce the speed? 

Ans. Reducing the frequency. 

Ques. What difficulty is encountered with low fre- 
quency currents? 

Ans. Jf the frequency be very low, the current would not be 
suitable for incandescent lamp lighting, because at low frequency 
the rise and fall of the current 1n the lamps is perceptible. 
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Fic. 1,758.—Field construction of Crocker Wheeler induction motor with magnetic bridge 
Stee] bridges are inserted in the grooves where the coils are placed, to protect them from 
dirt and mechanical injury and at the same time provide a path for the magnetic flux 
which has a more uniform reluctance, thereby insuring a better distribution of the flux 
in the air gap and at the same time retaining open slot construction from which the coils 
can be readily removed. 


Ques. What is the general character of the field 
winding? 

Ans. The field core slots contain a distributed winding of 
substantially the same character as the armature winding of a 
revolving field polyphase alternator. 
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Ques. Are the poles formed in the usual way? 


Ans. They are produced by properly connecting the groups 
of coils and not by windings concentrated at certain points on 
salient or separately projecting masses of iron, as in direct 
current machines. 


Ques. How are the coils grouped? 


Ans. "Three phase windings are usually Y connected. 
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Fic. 1,759.— Western Electric squirrel cage armature. The *nductors consist of solid copper 
bars embedded in the slots of a laminated core, with their »rojecting ends securely fitted 
and soldered to heavy copper rings. 


Ques. What other arrangement is sometimes used? 


Ans. In some cases Y grouping is used for starting and A 
grouping for running. 


Starting of Induction Motors.—It must be evident that 
if the field winding of an induction motor whose armature is at 
rest, be connected directly in the circuit without using any 
starting device, the machine is placed in the same condition as a 
transformer with the secondary short circuited and the primary 
connected to the supply circuit. Owing to the very low resistance 
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of the armature, the machine, unless it be of very small size, 
would probably be destroyed by the heat generated before it 
could come up to speed. Accordingly some form of starting device 
is necessary. There are several methods of starting, as with: 


1. Resistances in the field; 
2. Auto-transformer or compensator; 
3. Resistance in armature. 





Fic. 1,760.—Holzer Cabot combination polyphase induction motor set, consisting of wound 
frame and three rotors: 1, squirrel cage armature, 2, wound armature, 3, rotating field. 
The set is intended for school demonstration of induction motor phenomena. The motor 
operating with the squirrel cage armature has an inherent constant speed characteristic and 
on brake tests will show its exceptionally strong starting torque and ability to take excessive 
overloads. This motor can be used as a generator also, in the sense that if connected to the 
line and driven above synchronous speed by some external means, it will act as an asyn- 
chronous generator and return power to the line. For variable speed service, an armature 
having a winding upon it similar to that on the frame must be used. External resistances 
inserted in the armature circuit may be used to produce, frst, a reduction of starting cur- 
rent, second, an increase of starting torque, or third, a variation of speed. Thus an exten- 
sive list of experiments can be performed with this phase wound armature directly along 
the line of present engineering practice. The phase wound armature can be used as an 
alternator in the same sense as mentioned above for the squirrel cage machine. For 
synchronous motor and three phase operation the revolving feld with projecting poles 
and slip rings would be used, the field being excited from a direct current supply. 


Ques. Explain the method of inserting resistances in 
the field. 


Ans. Variable resistances are inserted in the circuits leading 
to the field magnets and mechanically arranged so that the 
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resistances are varied simultaneously for each phase in equal 
amounts. These starting resistances are enclosed in a box 
similar to a direct current motor rheostat. 


Ques. Is this a good method ? 


Ans. It is more economical to insert a variable inductance 
in the circuit, by using an auto-transformer. 
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Fic. 1,761.—Westinghouse auto-starter. Polyphase induction motors may be started by 
connecting them directly to the circuit with an ordinary switch, and the smaller motors 
are started in this way in practice. In the larger motors, however, the starting torque 
at normal voltage is several times its full load torque; therefore, they are started on a 
reduced voltage, and the full pressure of the circuit is not applied until they have prac- 
tically reached their operating speed. The figure shows connections with a two phase 
alternating current circuit. The auto-starter consists of two auto-transformers T and T’, 
each having only a single winding for both primarv and secondary, which are tapped at 
certain points by switches. thus dividing the winding into a number of loops, so that one 
of several voltages may be applied for starting, and the starting torque thus adjusted to 
the work that has to be performed. At the hignest points tapped by the switches S, and 
S’, the full pressure, and at the lowest points, the lowest pressure, is applicd to the motor 
by the operation of the main switch M. This switch has four blades and three positions. 
When thrown to the left as indicated, it connects the auto-transformers T and T’, 
across the circuits A and B respectively, so that the pressure across the transformer 
coils, as determined by the position of the switches Sand S', is applied to the motor circuits 
A and B. The intermediate position of the switch M interrupts both circuits. To start the 
motor, the switch M is thrown to the left and a reduced pressure applied; after the motor 
has started and come up to speed the switch M is thrown to the right, thus cutting out 
the transformer and connecting the motor directly to the circuit. The starting device 
can be located at a point remote from the motor, thus eliminating danger from fire due 
to possible sparks, in case where it is necessary to install the motors in grain elevators, 
woolen mills, or in any place exposed to inflammable gases, or floating particles of combusti- 
ble matter, This feature is also valuable in cases where motors are suspended from the 
ceiling, or installed in places not easily accessible. 
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Ques. What is the auto-transformer or compensator 
method of starting? 

Ans. It consists of reducing the pressure at the field ter- 
minals by interposing an impedance coil across the supply circuit 
and feeding the motor from variable points on its windings. 
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Fic. 1,762.—Auto-transformer or compensator connections for three phase induction motor. 
In operation when the double throw switch is thrown over to starting position, the 
current for each phase of the motor flows through an auto-transformer, which consists of a 
choking coil for each phase, arranged so that the current may be made to pass through 
any portion of it (as 1, 2, 3) to reduce the voltage to the proper amount for starting. After 
the motor has come up to speed on the reduced voltage, the switch 1s thrown over to 
running position, thus supplying the full line voltage to the motor. *Inactual construction 
fuses are usually connected, so that they will be in circuit in the running position, but not 
in the starting position, where they might be blown by the large starting current. 


Internal Resistance Induction Motors.— The armature 
of this type of induction motor differs from the squirrel cage 
variety in that the winding is not short circuited through copper 
rings, but, in starting, is short circuited through a resistance 
mounted directly on the shaft in the interior of the armature. 

When the motor is thrown in circuit, a very low starting currentis drawn 
from the line due to the added resistance in the armature. As the motor 


comes up to speed, this resistance is gradually cut out, and at full speed 
the motor operates as a squirrel cage motor, with short circuited winding. 


*NOTE.—The construction of starting devices tor induction motors is fully explained later, 
the accompanying cuts serving merely to illustrate the principles involved. 
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Ques. How is the resistance gradually cut out in 
internal resistance motors? 


Ans. By operating a lever which engages a collar free to 
shde horizontally on the shaít. The collar moves over the 
internal resistance grids (located within the armature spider), 
thus gradually reducing their value until they are cut out. 





FIG. 1.763.— View of armature interior of Wagner polyphase induction motor with wound 
armature, showing the centrifugal device which at the proper speed short circuits all the 
coils, transforming the motor to the squirrel cage type. The winding is connected with 
a vertical “commutator” socalled. Inside the armature are two governor weights, which 
are thrown outwards by the centrifugal force when the machine reaches the proper speed, 
thus pushing a solid copper ring (which encircles the shaft) into contact with the inner 
ends of the “commutator” bars, thus completely short circuiting the armature winding. 


Ques. For what size motors is the internal resistance 
method suited? 


Ans. Small motors. 


Ques. Why is it not desirable for large motors? 

Ans. The excessive TR loss in the resistances, if confined 
within the armature spider, would produce considerable heating, 
and on this account it is best placed external to the motor. 
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Ques. On what class of circuit are internal resistance 
motors desirable? 
Ans. On circuits devoted to lighting service as well as power 
service, where a high degree of voltage regulation is essential. 
The initial rush of current when a squirrel cage motor is thrown on the 


line is more or less objectionable and there are central stations which 
allow only resistance type of induction motor to be used on their lines. 





Fic. 1,764.—Western Electric wound armatt-e for internal resistance induction motor. In 
starting the inductors are short circuited through a resistance which :s gradually cut out 
as the motor comes up to speed. 





1,765 to 1769.—-Western Electric wound armature for external resistance, or slip ring 


Fics. 
induction motur, showi ing brush rigging, slip rings and bar winding. 


External Resistance or Slip Ring Motors.—In large 
machines, and those which must run at variable speed, such as 
is required in the operations of cranes, hoists, dredges, etc., it is 
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advisable that the regulating 
resistances be placed exter- 
nally to the motor. Motors 
having this feature are com- 
mercially known as slip ring 
motors, because connections 
are made between the external 
resistauncesand thearmaturetn- 
ductors bymeans of slip rings. 
| As with the internal re- 





sistance motor the 
armature winding of 
a slip ring motor is 
not short circuited 
through copper 
rings in starting, 
but through a resist- 
ance, which in this 


case is located ex- 


I' 1G. 1,771.—Richmond slip ring armature as used on motor ternally. 
in fig. 1,770. 





Ques. How 
is the arma- 
ture winding 
connected? 


Ans. It is 
connected in Y 
grouping and 
the free ends 
connected to the 





FAG. .1,772.—Western Elec- 
«ric riveted frame slipring 


slip rings, leads 
induction motor for vari- 
able speed service; adapt- 


going from the 
d ed either to continuous or 
brushes to the EE intermittent operation. 
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variable external resistances, these being illustrated in fig. 1,779. 


Single Phase Induction Motors.—The general utility of 
single phase motors, particularly the smaller sizes, is constantly 





Fics. 1,773 to 1,778.—Sprague skeleton type motor frame with various types of armature. 
Fig. 1,777, plain squirrel cage armature; fig. 1,778, internal rcsistance armature; fig. 
1,773slip ring armature. In the construction of the plain squirrel cage armature, fig. 1,777, 
copper bars are inserted in the slots of the core, and are insulated from the core by en- 
closing tubes which project about one-half inch beyond the iron at each side. The bars 
are short circuited at their ends by copper rings. These rings are thin, but of considerable 
radial depth and are held apart by spacing washers. They have rectangular holes punched 
near their outward periphery, through which the armature bars pass, and to which they are 
soldered. The internal resistance armature, fig. 1,778, is provided with a phase winding, 
starting (internal) resistance, and switch located onthe shaft. The starting resistance 1s de- 
signed to give approximately full load torque with full load current at starting. A greater 
torque than full load torque can be obtained for starting, if required, by cutting out resist- 
ance. The resistance consists of cast iron grids enclosed in a triangular cover which is bolted 
to the end plates holding the armature lamine together, and is short circuited by sliding 
laminated spring metal brushes along the inside surface of the grids. The brushes are 
supported by a metal sleeve sliding on the shaft which is operated by a lever secured to 
the bearing bracket and located just above the bearing. A rod passing through the end of 
the shaft operates the short circuiting arrangement in sizes up to about 25 horse power. 
The external resistance or slip ring armature, fig. 1,773, is similar in construction to fig. 
1,778, with the exception that slip rings are provided because of the external location 
of the resistance. These rings connect the inductor through brushes to a controlling and 
external resistance, two or more carbon brushcs being provided for each ring, as in fig. 1,776. 
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Fic. 1,779.—External resistance or slip ring induction motor connections. The squirrel 
cage armature winding is not short circuited by copper end rings. but connected in 
Y grouping and the three free ends connected to three slip rings, leads going from the 
brushes to th-ee external resistances. arranged as triplex rheostat having three arms rigidly 
connected as shown, so that the three resistances may be varied simultaneously and in 
equal amounts. 





Fic. 1,800.—Allis-Chalmers phase wound external resistance type or slip ring armature con- 
struction. The winding is for three phases and the terminalsare brought out to three slip 
rings. The front bracket is slightly modified to make room for these rings on the inside. 
For starting duty sufficient resistance is supplied to reduce the starting current taken by 
the motor to 1'4 times the normal full load current. In the running position the resist- 
ance is all cut out of the circuit. For speed regulation sufficient resistance 1s supplied tc 
reduce the speed 5045 on normal full load torque. 
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I 1G. 1829.—General Electric single phase induction motor. It is suitable for constant specd 
se vice where full load torque at starting does not exceed 140 per cent., and in general is 
adapted to drive all geared and belted machinery requiring constant speed with light or 
moderaie starting torque. 


OR MOTOR FIELD WINDINGS 
EDIUENESER AUXILIARY COILS 





) ALTERNATOR 


Fic. 1,830.—Simplified diagram showing the principle of phase splitting for starting single 
phase induction motors. By the use of an auxiliary set of coils connected in parallel with 
the main coils and having in series a resistance or condenser as shown, the single phase 
current delivered by the alternator is ‘split’’ into two phases, which are employed to 
produce a rotating field on which the motor is started. 
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Why is a single phase motor not self-starting ? 


Ques. 


Ans. 


phase current is oscillating and not rotat 


ingle 


Because the nature of the field produced by a s 


IDs. 


How is a single phase motor started? 


Ques. 
Ans. 


t up normal to the 


1S Se 


° 


By splitting the phase, a field 
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axis of the armature, and nearly 90? displaced in phase from the 
field in that axis. This cross field produces the useful torque. 









Fic. 1,S51.—General Electric high resistance clutch type smooth core squirrel cage armature 
of single phase induction motor. The core lamine are slotted near the circumference to 
retain the bar inductors. which extend beyond the core at either end where they are per- 
maneatly connected to heavy short circuiting rings. 


O 


2 
k. EA 


Fics. 1,8352 to 1,855.— Parts of General.Electric centrifugal clutch pulley as used on clutch 
type, single phase induction motor. A, clutch; B. friction band; C, adjusting spring; 
D, outer clutch shell with pulley sleeve; E, solid removab!e puller; F, internal mechanism 


comprising parts A, B, and C; G, outer shell and pulley comprising parts D and E. 





Fics. 1,856 and_1,857.—Partly assembled clutch pulley. F, internal mechanism comprising 
parts A, B, C, of fig. 1,852. G, outer shell and pulley, comprising parts D and E of fig. 1,552. 
Phase Splitting; Production of Rotating Field from 

Oscillating Field.—As previously stated, an oscillating field, 

that is, one due to a single phase current, does not furnish any 

Starting torque. It is therefore necessary to provide,a rotating 
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ficld for a single phase induction motor to start on, which, after 
the motor has come up to speed, may be cut out and the motor 
will then operate with the oscillating field. .: . . + + e 

A rotating ficld may be obtained from single phase current by 
what is known as splitting the phase. 





FIG. 1,858.- Switch end view of General Electric drawn shell type fractional horse power 
single phase motor. 


Ques. Describe one method of splitting the phase. 


Ans. The field of the motor is provided, in addition to the 
main single phase winding, with an auxiliary single phase winding, 
and the two windings are connected in parallel to the single 
phase supply mains with a resistance or a condenser placed in 
serics with the single phase winding, as shown in diagram 
fig. 1.830.-the two windings beimg displaced from each other 
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on the armature about 90 magnetic degrees, just as in the 
ordinary two phase motor. 


Ques. What is the construction of the two windings? 


Ans. The main coils are of more turns than the auxiliary, 
being spread over more surface, and are heavier because they 
are for constant use; whereas the auxiliary coils are used only 
while starting. 





Fics. 1,859 to 1,862.—Detail construction of clutch parts of General Electric drawn shell type 
fractional horse power single phase motor. The starting switch, which is assembled within 
the motor frame, consists essentially of three parts: a rotating member mounted on th» 
armature and provided with two spring controlled pivoted levers in contact with an 
insulated collector ring. 


Ques. What are the auxiliary coils sometimes called? 
Ans. Starting coils. 


Ques. What are ‘‘shading’’ coils? 


Ans. Auxiliary coils as placed on fan motors in the manncr 
son in fig. 17863. 
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Ques. How can single phase inotors be started without 
the use of external phase splitting devices? 


Ans. Such apparatus may be avoided by having the auxiliary 
winding of larger self-inductance than the main winding. 

Ques. What is the character of the starting torque 
produced by splitting the phase? 

Ans. It does not give strong starting torque. 






SHADING COILS MAIN COILS 


Fic. 1,563.—Single phase fan motor with shading coils for starting. In addition to the main 
field coils, one tip of each pole piece is surrounded by a short circuited coi] of wire or 
frame of copper, as indicated in the figure. This coil, or copper frame, is called a shading 
coil and it causes a phase difference between the pulsating flux that emanates from the 
main portion of each polar projection and the pulsating fua which emanates from the 
pole tip, thus introducing a two phase action on the armature which is sufficiently pro- 
nounced to start the motor. 


Ques. How is the plain squirrel cage armature modified 
to enable the motor to start with a heavier load? 

Ans. An automatic clutch is provided which allows the 
armature to turn free on the shaft until it accelerates almost to 
running speed. 
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m ŐS 


This type motor is known as the clutch type of single phase induction 
motor. In operation when the circuit is closed, the armature starts to 
revolve upon the shaft; when it reaches a premeditated speed, a 
centrifugal clutch expands and engages the clutch disc, which is fastened 
to the shaft. 





Fic. 1864.—Diagram showing action of shading coil in alternating current motor. The 
extremities of these pole pieces are divided into two branches, one of which a copper ring 
called a shading coil is placed as shown, while the other is left unshaded. The action of 
the shading coils is as follows: Consider the fie!'d poles to be energized by single phase 
current, and assume the current to be flowing in a direction to make a north pole at the 
top. Consider the poles to be just at the point of forming. Lines of force willtend to 
pass downward through the shading coil and the remainder of the pole. Any change of 
lines within the shading coil generates an e. m. f.. which causes to flow through the coil a 
current of a value depending on the e. m. f. and always in a direction to oppose the change 
of lines. The field flux is, therefore, part!y shifted to the free portion of the pole, while 
the accumulation of lines through the shading coil is retarded. 





Pics. 1,555 and 1,866.—Fort Wayne split phase factional horse power induction motor with 
stationary armaturc. The object of placing the squirrel cage armature winding on the 
stationary part or frame is to decrease the radial depth of the latter more than wou!d be 
possible with the usual arrangement where the armature forms the rotating part. — The 
small radial depth of the stationary armature makes possible a revolving field of maximum 
diameter giving in turn an exceptionally large air gap area, which reduces the magnetiz- 
ing current, hence improves the power factor of the motor. 
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Ques. Explain in detail the action of the clutch type of 
motor in starting. 

Ans. It can start a load which requires much more than full 
load torque at starting, because the motor being nearly up to 
full speed, has available not only its maximum overload capacity, 
but also the momentum of the armature to overcome the inertia 
ofthedrivenapparatus. In thisitis assisted bv a certain amount 
of slippage in the clutch, which is the case when the armature 
speed is pulled down to such a point as to reduce the grip of the 
centrifugal clutch. 





Pics. 1,867 and 1,86s.—General Electric dissembled clutch as used on clutch type, single phase 


(KS) induction motor. In starting, the armature revolves freely on the shaft until approxi- 
mately 75 per cent. . of normal rated speed is reached. The load is then picked up by the 
ariomat:c acuon of a cenimíveal cluj:ch, which ngidly engages an outer shell, keyed 
direcily to the shaft. The brass friction band of the clutch is permanently keyed to the 


pelley eed of the armature. 


Commutator Motors.—Machines of this class are similar 
in general construction to direct current motors. They have a 
closed coil winding, which 1s connected to a commutator. 

There are several types of commutator motor, namely: 

1. Series; 

2. Shunt; 

3. Compensated; 

4. Repulsion. 
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Since, as stated, commutator motors are similar to direct 
current motors, the question may be asked: Isit possible to run a 
direct current motor with alternating current? If the mains 
leading to a direct current motor be reversed, the direction or 
rotation remains the same, because the currents through both 
the field magnets and armature are reversed. It must follow 
then that an alternating current applied to a direct current motor 
would cause rotation of the armature. 





Fic. 1,$69.— Wagner single phase variable speed commutator motor. The commutator is of 
the regular horizontal type and the brushes remain in contact all the time. As the torque 
of alternating motors varies directly as the square of the applied pressure, wide speed 
variation may be obtained by varying the voltage applied at the motor terminals. 


Action of Closed Coil Rotating in Alternating Field.— 
When a closed coil rotates in an alternating field, there are several 
different pressures set up and in order to carefully distinguish 
between them, they may be called: 
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a OMMUTED WINDING 


Fics. 1,870 and 1,871.—-Diagrams ilnstrating construction and operation of Wagner "eeur 


power factor” single phase mcior. In the feld consirucuon, dg. 1,870, two windings are 
used. The main winding 1 produces the initial field magnemzation as heretofore; the 
auxiliary winding 2 controls the power facter or “compensates” the motor. The mam 
structural departure 1s 1n the armature, the constrocion of which js more clearly méscated 
in fig.-1,871. Here again two windings are employed. The maim or princpal winding 4 
1s of the usual well known squirrel cage type and occumies the bottem of the armetere slots. 
The second or auxiliary winding 31s of the usual commuted type, 15 connected 10 a standard 
form of horizontal commutator and occupies the upper portion of the armatmre sjois. 
Between the two is placed a magnetic separator i2 the form of a rolled steel bar. Two 
sets of brushes are provided, as indicated im the Gizgram of comnecnons shown m ig. 1.70. 
The main pair of brushes 5-6 is placed im the axis of the mam field winding 1 and is 
sbort circuited. The auxiliary pair of brushes 7-8 is placed at night angles to the 2215 of 
the main feld winding and is connected in senes with it at Siartamg. The avunihary Seld 
winding 2 is permanently connected to one auxihary brush 7, and is adapved 10 be con- 
nected to the other auxiliary brush 5 by means of ihe switch 9 The purpose of the 
peculiar armature consiruciion illustrated i5 5g. 1,571 and of the brush arrargernen: and 
connections shown in fig. 1,870 1s to accentuate, al starume, the efect of the squirrel cage 
along the axis 5-6 of the main field winding 1, while suppressing mt as far as possible along 
tbe axis 7-5 at night angles to main winding. The magnetic separavor placed above the 
squirrel cage winding 4 tends to suppress the eferci of that winding alone allaxes, by making 
it less responsive to outside inductive efects. But the infvence of the separator is avllifed 
along the axis of the maim field winding by the presence of the shor crcumed brushes 5-6, 
while no means are provided for nulhiying is efects along the axis ai right amples to that 
of the main field winding. Thus the main feld windicg 1 will be able to induce heavy 
currents in both armature windings because of the shon ciremved brushes m the ams 5-6, 
and in spite of the magnetic separator; while the armature winding 3, connected im semes 
witb 1, will not be able to produce heavy currents in the squirrel cage winding 4 alomg the 
axis 7- 8 because of the magnetic separator between 3 and 4, which shunts or ade tracks the 
inducing magnetic flux. 1n operation, ai startme, swiich 9 of ñg. 1,870 Is open, ihe oom- 
muted windme 3 along the ams 7-* beimg comnected in series with the maiz held wisdisg 1 
and across the mains. The windirg 1 induces a large currezi in the ammeatcre wintmes 
3 and 4 along the axis 5-6, and the windme 3 produces a large Bux along the axis 7—&. 
The armature currents in the main anis cO-acting with the fux threading the a:marue along 
the auxiliary axis yield the greater part of the startimg verque. As the motor speeds up, 
the squirrel cage gradually assumes those funciions winch it performs m the ordinary 
single phase, squirrel cage motor, developing a magnetic Seld of jts cwa zlocg the axis 7-8 
and a correspord rely powerful torque. which increases very rapidly ds svochonism 15 
approached, but falls suddenly to zero at or near actual synchronism. Tt is imown tha: 
the magnetizing currents circulating in the bars of the squirrel cage of a smele phase moter 
have, at synchronism, double the frequency of the stator currents; the Éuxes ber produce 
must therefore also be of double frequency. Now, the magnetic separator is made of 
sahd steel, and, while this separator forms a suMimertly effective shurt fer the Auzes of 
line frequency induced from the field, it is quite ineffective as a shunt for the double fre- 
quency fluxes produced by the armature. ith respect to the squirrel cage, the eect of 
this magnetic separator diminishes with increasing speed, and at sruchromism the machine 
operates practically in the same manner as if the magnenc separator Ged noi east. 
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1. The transformer pressure; 
2. The generated pressure; 
3. The self-induction pressure. 


These pressures may be defined as follows: 
The transformer pressure is that pressure induced in the 
armature by the alternating flux from the field magnets. 
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Fic. 1,572.— Diagram of ring armature in alternating field illustrating the principles of com- 
mutator motors. 


For instance, assuming in fig. 1,572 the armature to be at rest, as the 
alternating current which energizes the magnets rises and falls in value, 
the variations of flux which threads through the coils of the ring winding, 
induce pressure in them in just the same way that pressure is indu 
in the secondary of a transformer. 

A ring winding is used for simplicity; the same conditions obtain 
in a drum winding. 
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The generated pressure is that pressure induced in the 
armature by the cutting of the flux when the armature rotate . 

The self-induction pressure is that pressure induced in 
both the field and armature by self-induction. 


Nature of the Generated Pressure.—In fig. 1,872, the generated 
pressure induced by therotation oí the armatureisminimum at the neutral 
plane C D and maximum at A B. It tends to cause current to flow up 
each half of the armature from D to C, producing poles at these points. 


oo 





Fic. 1,873.—Wagner single phase repulsion induction commutator motor. Its working 
principle is repulsion start and induction operation. Starting with the machine at rest, 
brushes in pairs cross connected through a low resistance conductor, bear upon the 
commutator, temporarily short circuiting the armature winding thendeveloping a strong 
Starting torque on the repulsion principle. On attaining full load speed the individual 
segments of the commutator are al] positively connected together by the operation of an 
automa‘ic c^-triífugal governor, thereby transforming the armature winding to the 
squirrel cage form, the motor then continuing as an induction motor. Th- governor at 
the same time removes the brushes from contact with the commutator to save wear. If 
the power service should fail for any reason, the motor returns to the starting conditior, 
and picks up its load when the power comes on again without attention of the operator. 


Nature of the Transformer Pressure.—This is caused by varia: 
tions of the flux passing through each coil of the armature winding. 
Evidently this variation is least at the plane A B because at this point 
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the coils are inclined very acutely to the flux, and greatest at the plane 
C D where the coils are perpendicular to the flux. Accordingly, the 
transformer pressure induced in the armature winding is least at A B 
and greatest at C D. 

The transformer pressure acts in the same direction as the generated 
pressure as indicatcd by the long arrows and gives rise to what may be 
called local armature currents. 
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Fics. 1,874 and 1,875.—Armature of Wagner single phase repulsion-induction commutator 
motor as seen from the commutator and rear ends, showing the vertical commutator and 
type of governor employed on the smaller sizes. The operation is explained in fig. 1,873. 


Nature of the Self-Induction Pressure.— The self-induction 
pressure, being opposite in direction to the impressed pressure, it must 
be evident that in the operation of an alternating current commutator 
motor, the impressed pressure must overcome not only the generated 
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pressure but also the self-induction pressure. Hence, as compared to 
an equivalent direct current motor, the applied voltage must be greater 
than in the direct current machine, to produce an equal current. 





Fic. 1,877.—Armature of General Electric single phase compensated repulsion motor, 
assembled ready for dip and banding. 





Fic. 1,878.—Cast brush rigging of General Electric single phase compensated rcpulsion motor 
as used for the 3 and 5 horse power motors. 


The Local Armature Currents.—These currents produced by 
the transformer pressure occur in those coils undergoing commuta- 
tion. They are large, because the maximum transformer action 
occurs in them, that is, in the coils short circuited by the brushes. 
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Ques. Why do the local armature currents cause 
sparking? 

Ans. Because of the sudden interruption of the large volume 
of current, and also because the flux set up by the local currents 
being in opposition to the field flux, tends to weaken the field 
just when and where its greatest strength is required for com- 
mutation. 





Fic. 1,579.—Field of Sprague single phase compensated repulsion motor. The frame is of the 
skeleton form which exposes the core, giving effective heat radiation. The single phase 
field winding is of the distributed concentrie type. To facilitate connection to circuits of 
either 110 or 220 volts, four plainly tagged leads are brought out to the back of the remova- 
ble terminal board. 


Ques. What is the strength of the local current? 


Ans. They may be from 5 to 15 times the strength of the 
normal armature current. 


Ques. Upon what does the local armature current 
depend? 

Ans. Upon the number of turns of the short circuited coils, 
their resistance, and the frequency. 
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Ques. How cdáfh the local currents be reduced to avoid 
heavy sparking? 

Ans. 1. By reducing the number of turns of the short 
circuited coils, that is, providing a greater number of com- 
mutator bars; 2, reducing the frequencv; and 3, increasing the 
resistance of the short circuited coil circuit: a, bv means ot high re- 
sistance connectors; or b, by using brushes of higher resistance. 





Fics. 1,880 to 1,8S4.—Assembly and disassembled view of short circuiting device as used on 
Bell single phase repulsion induction motor. The armature. which is wound in a similar 
manner to those used in direct current motors, has a commutator, acd brushes, which 
being short circuited on “Mlinselves, allow great starting torque, with small starting 
current. The motor starts Nile repulsion principle, and on reaching nearly full speed, 

copper ring against the commutator segments, thereby 

r then operates on the induction principle. 









a centrifugal governor pushes 
short circulting them, and the z 


Ques. What are high resistance connectors? 


Ans. The connectors between the armature winding and the 
commutator bars, as shown in fig. 1,SSš. 
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Ques. Does the added resistance of preventive leads, or 
high resistance brushes, materially reduce the efficiency of 
the machine? 


Ans. Not to any great extent, because it is very small in 
comparison with the resistance of the whole armature winding. 









LOCAL CURRENT BRUSH 


ARMATURE 
WINDING 


HIGH RESISTANCE 
CONNECTORS 


Fic. 1,885.—Section of ring armature of commutator motor showing local current set up by 
ormer action of the alternating flux. 


Ques. What is the objection to reducing the number of 
turns of the short circuited coils to diminish the tend- 
ency to sparking? 

Ans. The cost of the additional number of commutator 
bars and connectors as well as the added mechanism. 

Ques. What effect has the inductance of the field and 
armature on the power factor? 

Ans. It produces phase difference between the current and 
impressed pressure resulting in a low power factor. 

Ques. What is the effect of this low power factor? 

Ans. "The regulation and efficiency of the system is impaired. 


The frequency, the field flux and the number of turns in the winding 
have influence or the power factor. 
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Ques. How does the frequency affect the power factor? 
Ans. Lowering the frequency tends to improve the power 


factor. 
The use of very low frequencies has the disadvantage of departing 
from standard frequencies, and the probability that the greater cost of 
transformers and alternators would offset the gain. 





Fic. 1,886.—General Electric 5 H.P., 6 pole adjustable speed single phase compensated 
rep: lsion motor. This type is suitable for service requirements demanding the use of a 
motor whose speed can be adjusted over a considerable range, this speed at a fixed con- 
troller setting remaining practically unaffected by any load within the motor's rated 
capacity. With the controller on the high speed points, the motor possesses an inherent 
speed regulation between no load and full load of approximately 6 per cent. At the low 
speed points, under similar load conditions, the speed variation will be approximately 20 
percent. To secure adjustable speed control, the armature circuits employ transformers, 
whose primaries are excited by the line circuit. The secondaries of these transformers 
are divided into two sections; the first or "regulating" circuit is placed across the energ y 
brushes; the other section, since it is connected in series with the compensating wind- 
ing, maintains the high power factor and speed regulation obtained in the constant speed 
type. The speed range is 2:1, approximately one-half of this range being below and 


one-half above synchronous speed. 


Series Motors.—This class of commutator motor is about 
the simplest of the several types belonging to this division. In 
general design the series motor is identical with the series direct 
current motor, but all the iron of the magnetic circuit must be 
laminated and a neutralising winding is often employed. 

It will be readily understood that the torque is produced in 
the same way as in the direct current machine, when it is 
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. 


remembered that the direction of rotation of the direct current 
series motor is independent of the direction of the voltage applied. 


At any moment the torque will be proportional to the product 
of the current and the flux which it is at that moment producing 
in the magnetic system, and the average torque will be the product 
of the average current and the average flux it produces, so that 
if the iron parts be unsaturated, as they must be if the iron losses 


WC ON 


| 
I 
FiG, 18S7. —Diagram of single phase sxries commutator rnotoz. Jt is practically the same 
as the series direct curren: motor, with the exception that all the metal of the magnetic 
c.rcu.t must be laminated. 





are not to be too high, the torque will be proportional simply to 
the square of the current, there being no question of power factor 
entering into the consideration. 


Ques. Whatare the characteristics of the series motor? 


Ans. They are similar to the direct current series motor, 
the torque being a maximum at starting and decreasing as the 
speed increases. 

Ques. For what service is the series motor especially 
suited: 


Ans. On account of its powerful starting torque `t is partic- 
ularly desirable for traction service. 
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Neutralized Series Motor.—A chief defect of the series 
motor is the excessive self-induction of the armature, hence in 
almost every modern single phase series motor a neutralizing 
coil is employed 1o diminish the armature self induction. 

Tke neutralizing coil is wound upon the frame 90 magnetic 
degrees of half a pole pitch from the field winding and arranged 
to carry a current equal in magnetic pressure and opposite in 
phase to the current in the armature. 





Fic. 1,5$8.— Diagram of neutralized series motor; conductive method. In the simple series 
motor, there will be a distortion of the flux as in the direct current motor. As the dis- 
torting magnetic pressure is in phase with that of the magnets, the distortion of the flux 
will be a fixed effect. If the poles be definite as in direct current machines, this distortion 
may not seriously affect the running of the motor, but with a magnetizing system like 
that universally adopted in induction motors the flux will be shifted as a whole in the 
direction of the distortion, which will produce the same effect as if in the former case 
the brushes had been shifted forward, whereas for good commu:ation they should have 
been shifted backward. As in direct current machines, this distortion is undesirable 
since it is not conducive to sparkless working, and also reduces to a more or less extent 
the torque exerted by the motor. The simplest remedy is to provide neutralizing coils 
displaced 90 magnetic degrees to the main field coils as shown. The neutralizing current 
is obtained by the method of connecting the neutralizing coils in series in the main circuit. 


The current through the neutralizing winding may be ob- 
tained, either 

1. Conductively; or 

2. Inductively. 
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In the conductive method, fig. 1,888, the winding is connected in 
series as shown. 


In the inductive method, fig. 1,889, the winding is short circuited 
upon itself and the current obtained inductively, the neutralizing 


winding being virtually the secondary of a transformer, of which the 
armature is the primary. 


Ques. When is the conductive method to be preferred? 
Ans. When the motor is to be used on mixed circuits. 





Fic. 1,889.—Diagram cf neutralized series motor; inductive method. Although the con. 
ductive method of neutralization is employed in nearly all machines, it is possible merely 
to short circuit the neutralizing winding upon itself, instead of connecting it in series with 
the armature circuit. In this case the flux due to the armature circuit cannot be eliminated 
altogether, as suffüciert fux must always remain to produce enough pressure to balance 
that due to ihe residual impedance of the neutralizing coil. It would be a mistake to infer, 
however, that on this account this method of neutralization 1s less effective than the con- 
ductive one, since the residua] flux simply serves to transfer tothe armature circuit a drop 
in pressure precisely equivalent to that due to the resistance and local self-induction of 
the neutralizing coil in the conductive method. 


Shunt Motors.—The simple shunt motor has inherently 
many properties which render it unsuitable for practical use, 
and accordingly is of little importance. Owing to the many 
turns of the field winding there is large inductance in the shunt 
field circuit. 
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Fic. 1,890.—Diagram of simple shunt commutator motor. Owing to its many inherent 
defects it is of little importance. 


du 
pd 


Fic. 1,891.—Compensated shunt induction single phase motor. The transformer shown in 
the arrangement is capable of being replaced by a coil placed on the frame having the same 
axis as the field winding, so that the flux produced by the field winding induces in the 
coil a pressure in phase with the supply pressure. Such a coil will now be at right angles 
to the circuit to which it is connected. In a similar manner a coil at right angles to the 
armature circuit, that is, the circuit parallel to the stator axis, if connected in series with 
that circuit, will also serve to compensate the moor. 
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The inductance of the armature is small as compared with 
that of the field; accordingly, the two currents differ consider- 
ablv in phase. 

The phase difierence between the field and armature currents 
and the corresponding relation between the respective fluxes 
results in a weak torque. 


Pic. 1.802.—Fyas's shunt conductive single phase motor. In order to supply along the 
stator axis a constant field, suitable for producing the cross fux to which the torque is due 
by its action on the circuit perpendicular to the stator axis, the “armature circuit." as it 
may be called. has a neutralizing coil in series with it, so that the armature circuit and 
neutralizing coi toge: her produce no fux. In addition to this, there is a magnetizing 
coil along the same axis, which is connected across the maims and so produces the same 
Sux as the primary cri] in a shunt induction machine. Fynn has proposed a number of 
methods of varving the speed, and compensating this machine. Itis, however, complicated 
in itself, and is only suited for very low voltages, so that on ordinary circuits it would 
need a separate transformer. 


It is necessary to use laminated construction in the field circuit 
to avoid eddy currents, which otherwise would be excessive. 
Fig. 1,890 is a diagram of a simple shunt commutator motor. 


Repulsion Motors.—In ike course of his observations on 
the effects of alternating currents, in 1886-7, Elihu Thomson ob- 
rved that a copper ring placed in an alternating magnetic field 
tends either to move out of the field, that is, it is repelled by the 
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field (henee the name repulsion motor), or to return so as to set 
itself edgeways to the magnetic lines. 


The explanation of the repulsion phenomenon is as follows: 

When a closed coil is suspended in an alternating field so that 
tines of force pass through it, as in fig. 1,893, an alternating pres- 
sure will be induced in the coil which will be 90° later in phase 
than the inducing flux, and since every coil contains some in- 
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Fic. 1,893.—Effect of alternating field on copper ring. If a copper ring be suspended in an 
alternating field so that the plane of the ring ts oblique to the lines of force, $t will turn until 
tts plane ts parallel to the lines of force, that is, to the position in which it does not encircle 
any lines of force. The turning moment acting upon the ring is proportional to the current 
in it, to the strength of the field, and to the cosine of the angle 8. Hence it is proportional 
to the product sin B cos B. The tendency to turn is zero both at 0? and at 90°; in the 
former case because there is no current, in the latter because the current has no leverage. 
It is a maximum when 8 — 45?. Even in this position there would be no torque if there 
were no lag of the currents in the ring, for the phase of the induced pressure is in quadrature 
with the phase state of the field. When the ficld is of maximum strength there is no 
pressure, and when the pressure reaches its maximum there is no field. If there be self- 
induction in the ring causing the current to lag, there will be a net turning moment tend- 
ing to diminish B. The largest torque will be obtained when the lag of the curreat in 
the ring is 45°. 


ductance the resulting current will lag more or less with respect 
to the pressure induced in the coil. 


The cosine of this phase relation becomes a negative quantity 
which mcans that the coil is repelled by the field. 


It is only when the ring is in an oblique position that it tends to 
turn. Ifit be placed with its plane directly at right angles to the 
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direction of the magnetic lines, it will not turn; if ever so little 
displaced to the right or left, it will turn until its plane is parallel 
to the lines. 

The production of torque may be explained by saying that the 
current induced in the ring produces a cross field which being 
out of phase with, and inclined to the field impressed by the 


isi, 


Fic. 1,909.—Fynn’s compensated shunt induction motor. This is a combination of the com. 
pensated shunt induction motor with the ordinary squirrel cage form. In one form, in 
addition to the ordinary dram winding on the armature, there 1s another three phase 
winding into the "star," of which the drum winding is connected. This second winding 
is connected to three slip rings which are shoit circuited when the machine is up to speed. 
Upon the commutator are placed a pair of brushes connected to an auxiliary winding 
placed on the frame in such a position that the flux from the primary coil induces in it 
a pressure of suitable phase to produce compensation. The same pair of brushes is also 
used for starting. 


ERN Ld) 
(Ghee ht 


primary alternating current, causes a rotary field, and this in 
turn, reacting on the conductor, a turning moment results. 


Elihu Thompson took an ordinary direct current armature, placed it 
in an alternating field, and having short circuited the brushes, placed 
them in an oblique position with respect to the direction of the field. 
The effect was to cause the armature to rotate with a considerable torque. 

The inductors of the armature acted just as an obliquely placed ring, 
but with this difference, that the obliquity was continuously preserved 
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by the brushes and commutator, notwithstanding that the armature 
turned, and thus the rotation was continuous. This tendency of a 
conductor to turn from an oblique position was thus utilized bv him to 
get over the difficulty of starting a single phase motor. With this object 
in view he then constructed motors in which the use of commutator and 
brushes was restricted to the work of merely starting the armature, 
which when so started was then entirely short circuited on itself, thovgh 
disconnected from the rest of the circuit, the operation then being solely 
or the induction principle. 


LINE 
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Fic. 1,910.—Diagram of connection of Sprague single phase compensated repulsion motor. 
To reverse direction of rotation interchange leads C, and C> and slightly shift the brush 
holder yoke. Brushes E, and E»are permanently short circuited. This diagram of con- 
nections applies also to fig. 1.911, 


Ques. What difficulty was experienced with Thomson's 
motor? 


Ans. Since an open coil armature was used, the torque 
developed was due to only one coil at a time, which involved a 
necessarily high current in the short circuited coil resulting in 
heavy sparking. 
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Ques. How was this remedied? 
Ans. By the use of closed coil armatures in later construction. 


Ques. Did this effectually stop sparking? 
Ans. No. 


Ques. What other means is employed in modern de- 
signs to reduce sparking? 


Ans. Compensation and the use of a distributed field winding, 
high resistance connectors, high resistance brushes, ete. 


Ques. What are the names of the two classes of repul- 
sion motor? 


Ans. The simple and the compensated types. 


Ques. Describe a simple repulsion motor. 


Ans. It consists essentially of an armature, commutator and 
field magnets. The armature is wound exacily like a direct 
current armature, and the windings are connected to a com- 
mutator. The carbon brushes which rest on this commutator 
are not connected to the outside line, however, but are all con- 
nected together through heavy short circuiting connectors. 
The brushes are placed about 60° or 70° from the neutral axis. 
The field is wound exactly like that of the usual induction motor. 


Ques. What is the action of this type of motor? 


Ans. If nothing be done to prevent, the motor will increase 
in speed at no load until the armature bursts, just as it will in a 
series direct current motor. 


Ques. What provision is made to avoid this danger? 


Ans. A governor is usually mounted on the armature which 
short circuits the windings, after the motor has been started. 
The motor then runs as a squirrel cage induction motor. As ¿ 
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rule the brushes are lifted off the commutator when ihe arma- 
ture is short circuited, so as to prolong their life. 


This is a very successful motor, but it is of course more cosly than 
the simple squirrel cage motor used on two and three-phase circuits. 


H 


LINE 


TERMINAL 
Board | 93009 
Fic. 1,911.—Diagram of commections of Spragwe variable speed simele phase compensated 
repulsion motor and controler. The controller is demmmed to pre speed reónmcixem acd 
speed increase as resistance or reaciance 3s inserted m ibe enterar and comgpensat:9 
circuits. With the exceppoa of tbe jleads brongt: on: from these coromts. tbe comstar: 
speed and variable speed motors are idenwcal The siauderd cozt-o0De- gives epprum- 
mately 2: 1] speed venanoz. 








Ques. What name may appropriately be applied to the 
motor: 


Ans. It mav be called the retulsion induction motor. because 
it is constructed for repulsion start and induction running. 

Ques. Describe a compensated repulsion motor. 

Ans. In its simplest form it consists of a simple repulsion 
motor in which there are two independent sets of brushes, one 
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sot being short circuited, while the other set is in series with the 
field magnet winding, as in the series alternating current motor. 


Ques. What names are given to the two sets of 
brushes on a compensated repulsion motor? 


Ans. The energy or main short circuiting brushes, and the 
compensating brushes. | 


ao E LINE 


72 MAIN FIELD E 


/ 
/ REVERSE FIELD—> A A 
f ` 
KOMPENSATING IL ES ENERGY 1 
BRUSHES Ús: REVERSING SWITCH 


ARMATURE = -AATA POLE, DOUBLE THROW. 


O R E 

ay BRUS 

ri £j 
| Q d b 
\COMPENSATING 
IV FIELD 3 
MA 
| N = 
| 


N 
N 


v 
E £ 


— — — d 





Fic. 1,912.—Diagram of connections of Sprague reversing type of single phase compensated 
repulsion motor. As shown, there is a special reverse field winding having terminals fur 
connection to a four pole double throw switch. 


Ques. What is the behavior of the armature of a 
compensated repulsion motor at starting ? 


Ans. It possesses at starting most of the apparent reactance 
of the motor, and the effect of speed is to decrease such appar- 
ent reactanc2, the latter becoming zero at either positive or 
negative syncnronism, and negative at higher speeds in either 
direction. 
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Ques. What is the nature of the field circuit of the 
compensated repulsion motor at starting? 


Ans. At starting it is practically non-inductive, the effect 
of speed being to introduce a spurious resistance which in- 
creases directly with the speed, and becomes negative when 
the speed is reversed. 


Ques. For what use is the compensated repulsion 
motor especially adapted? 


Ans. For light railroad service. 

Ques. When employed thus what is the method of 
control? 

Ans. A series transformer is used in the field circuit. 

Ques. What frequencies are employed with this 
motor? 


Ans. 25 to 60, the preferred frequency being 40. 
Ques. To what important use is the repulsion prin- 
ciple put? 


Ans. Jt is sometimes employed for starting on single phase 
induction motors. 


In this method, after bringing the motor up to speed, the winding is 
then short circuited upon itself, and the motor then operates on the 
induction principle. 


Ques. What name is given to this type of motor? 


Ans. It is called the repulsion induction motor. 
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Power Factor of Induction Motors.—In tho case of a 
direct current motor, the energv supplied 1s found by multiplying 
the current strength bv the voltage, but in all induction motors 
the effect of self-induction causes the current to lag behind the 
pressure, thereby increasing the amount of current taken by 
themotor. Accordingly,as the increased current is not utilized by 
the motor in developing power, the value obtained by multi- 
plying the current by the voltage represents an apparent energy 
which is greater than the real energy supplied to the motor. 





Fic. 1,913. —Pairbanks- Morse squirrel cage armature, showing ball bearings. 


It is evident, that if it were possible to eliminate the lag en- 
tirely, the real and apparent watts would be equal, and the 
power factor would be unity. 


The importance of power factor and its effect upon both 
alternator capacity and voltage regulation is deserving of the 
most careful consideration with ali electrical apparatus, in which 
an inherent phase difference exists between the pressure and the 
current, as forinstance in statictransformers andinduction motors. 
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While the belief is current that any decrease in power factor 
from unity value does not demand any increase of mechanical 
output, this is not true, since all internal alternator and line 
losses manifest themselves as heat, the wasted energy to 
produce this heat being supplied by the prime mover. 

Apart from the poor voltage regulation of alternating current 
generators requiring abnormal field excitation to compensate for 
low power factor, some of the station’s rated output is mx 





— 1 14 Pairbanks Morse 20 norse power squirrel cage induction motor COSE toa 
20 inch scli-feed np and chamfering saw. The absence of commutator and brushes on 
the squirrel cage armature eliminates sparking and therefore renders this type of motor 
particularly adapted for use in places where sparking would be dangerous, such as in 
wood working plants, textile mills, etc. 


unavailable and consequently produces no revenue. The poor 

steam economy of underioaded engines is also a serious source 
of fuel wastage. 

Careful investigations have shown that the power factor of industrial 

plants using induction motor drive with units of various sizes will average 


between 60 and $0 per cent. With plants supplying current to under- 
loaded motors having inherently high lagging current values, a 


ALTERNATING CURRENT MOTORS 1,379 





combined factor as low as 50 per cent. may be expected. Since standard 
alternators are seldom designed to carry their rated kilowatt load at less 
than 80 per cent. power factor, the net available output is, therefore, 
considerably increased. / 





Fic. 1,915.— Method of casting end rings on squirrel cage armatures of Fairbanks- Morse induc- 
tion motors. "The metal being fused to the bars at a temperature in excess of 1,832 
degrees Fahr. itis readily seen that the destructive effect of any subsequent heating is 
eliminated. While giving the most intimate contact at the joints, a multiplicity of joints 
is avoided as well as solder. 


Speed and Torque of Motors.—The speed of an induction 
motor depends chiefly on the frequency of the circuit and runs 
within 5 per cent. of its rated speed; it will produce full torque 
if the line voltage do not vary more than 5 to 10 per cent. 

At low voltage the speed will not be greatly reduced as in a 
direct current motor, but as the torque is low the motor is easily 
stopped when a light load is thrown on. 
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The current taken by an induction motor from a constant 
pressure line varies with the speed as in a direct current motor. 
When a load is thrown on, the specd is reduced correspondingly 
and as the self-induction or reactance is diminished, more 
current circulates in the squirrel cage winding, which in turn 
reacts on the field coils in a similar manner and more current 
flows in them from the line. In this manner the motor auto- 
matically takes current from the line proportional to the load 
and maintains a nearly constant speed. 

The so-called constant speed motors require slight variations 
in speed to automatically take current from the line when the 
load varies. 

Induction motors vary in speed from 5 to 10 per cent., while 
synchronous motors vary but a fraction of one per cent. 

Single phase motors to render efficient service must be able, 
where requisite, to develop sufficient turning moment or torque 
to accelerate, from standstill, loads possessing large inertia or 
excessive static friction; for example, meat choppers and grinders, 
sugar or laundry centrifugals; heavy punch presses; group 
driven machines running from countershafts with possibly over 
taut belting, poor alignment, lubrication, etc. 
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CHAPTER LII 


TRANSFORMERS 


The developments in the field of electrical engineering which 
have rendered feasible the transmission of high pressure 
currents over long distances, together with the reliability and 
efficiency of modern generating units, have resulted in notable 
economies in the generation and distribution of electric current. 


This has been accomplished largely by the use of distant 
water power or the centralization of the generating plants of a 
large territory in a single power station. 


The transformer is one of the essential factors in effecting the 
economical distribution of electric energy, and may be defined as 
an apparatus used for changing the voltage atd current of an 
alternating circuit. A transformer consists essentially of: 

1. A primary winding; 

2. A secondary winding; 

3. An iron core. 


Basic Principles.—If a current be passed through a coil of 
wire encircling a bar of soft iron the iron will become a magnet; 
when the current is discontinued the bar loses its magnetization. 


Conversely: If a bar of iron carrying a coil of wire be mag- 
netized in a direction at right angles to the plane of the coil a 
momentary electric pressure will be induced in the wire; if the 
current be reversed, another momentary pressure will be induced 
in the opposite direction in the coil. 
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These actions are fully explained in chaps. X and XI, and aa 
they are perfectly familiar phenomena, a detailed explanation 
of the principles upon which they depend is not necessary here. 

From the first two statements given above it is evident that if a bai 
of iron be provided with two coils of wire, one of whichis supplied froma 
source of alternating current, as shown diagrammatically by fig. 1,916, 
at each impulse of the exciting current a pressure will be induced in the 


secondary coil, the direction of these impulses alternating like that of 
the exciting current. 


Ques. What name is given to the coil through which 
current from the source flows? 
Ans. The primary winding. 


SECONDARY 


PRIMARY 





por 
ALTERNATOR 


Fic. 1,916.— Diagram of elementary transformer with non-continuous core and connection 
with single phase alternator. The three essential parts are: primary winding, secondary 
winding, and an iron core. 


Ques. What name is $iven to the coil in which a 
current is induced? 
Ans. The secondary winding. 


Similarly, the current from the source (alternator) is called the primary 
current and the induced current, the secondary current. 


Ques. What is the objection to the elementary trans- 
former shown in fig. 1,916? 

Ans. The non-continuous core. With this type core, the 
flux emanating from the north pole of the bar has to return to 
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the south pole through the surrounding air; and as the re- 
luctance of air is much greater than that of iron, the magnetism 
will be weak. 


Ques. How is this overcome? 
Ans. By the use of a continuous core as shown in fig. 1,917. 


Ques. Is this the best arrangement, and why? 

Ans. No. If the windings were put on as in fig. 1,917, the 
leakage of magnetic lines of force would be excessive, as indicated 
by the dotted lines. In such a case the lines which leak through 
air have no effect upon the secondary winding, and are therefore 
wasted. 


= | 
ALTERNATOR 





FIG. 1,917.—Diagram of elementary transformer with continuous core and connections with 
alternator. The dotted lines show the leakage of magnetic lines. To remedy this the 
arrangement shown in fig. 1,918 is used. 


Ques. How is the magnetic leakage reduced to a mini- 
mum in commercial transformers? 


Ans. In these, and even in ordinary induction coils (the oper- 
ating principle of which is the same as that of transformers) the 
magnetic leakage is reduced to the lowest possible amount by 
arranging the coils one within the other, as shown in cross section 
in fig. 1,918. 
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The Induced Voltage.—The pressure induced in the 
secondary winding will depend on the ratio between the number 
of turns in the two windings. For example, a transformer with 
500 turns of wire in its primary winding and 50 turns in its 
secondary winding would have a transformation ratio of 10 to 1, 
and if it were supplied with primary current at 1,000 volts, the 
secondary pressure at no load would be 100 volts. 


PRIMARY SECONDARY 
WINDING WINDING 





Fic. 1,918.—Cross section showing commercial arrangement of primary and secondary wind- 
ings on core. One is superposed on the other. This arrangement compels practically 
all E magnetic lines created by the primary winding to pass through the secondary 
winding. 


EXAMPLE.—If ten amperes flow in the primary winding and the 
transformation ratio be 10, then 10 X 10 = 100 amperes will flow 
through the secondary winding. 

Thus, a direct proportion exists between the pressures and turns in 
the two windings and an inverse proportion between the amperes and 
turns, that is: : 


primary voltage: secondary voltage = primary turns: secondary turns 
primary current: secondary current = secondary turns: primary turns 


From the above equations it is seen that the watts of the 
primary circuit equal the watts of the secondary circuit. 
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Ques. Are the above relations strictly true, and why? 


Ans. No, thev are only approximate, because of trans- 
former losses. 


In the above example, the total wattage in the primary circuit is 
1,000 X 10 = 10 kw., and that in the secondary circuit is 100 X 100 = 
10 kw. Hence, while both volts and amperes are widely different in the 
two circuits, the watts for each are the same in the ideal case, that is, 
assuming perfect transformer action or 100% efficiency. Now, the 
usual loss in commercial transformers is about 10%, so that the actual 
watts delivered in the secondary circuit is (100 X 100) X 9065 2 9 kw. 





Fic. 1.919.— Wagner transformer coil formed, ready for taping. These are known as "pan 
cake" coils. They are wound with flat cotton covered copper strip. In heavv coils. 
several strips in parallel are used per turn in order to facilitate the winding and produce a 
more compact coil. 


The No Load Current.—When the secondary winding of 
a transformer is open or disconnected from the secondary 
circuit no current will flow in the winding, but a very small 
current called the zo load current will flow in the primary circuit. 
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The reason for this is as follows: The current flowing in the primary 
winding causes repeated reversals of magnetic flux through the iron 
core. These variations of flux induce pressures in both coils; that in- 
duced in the primary called the reverse pressure is opposite in direction 





Fic. 1,920.—Wagner coils with insulation ready for core assembly. The flat coils, sometimes 
called pancake coils, are wound of flat, cotton covered, copper sirip with ample insulation 
between layers. In heavy coils several flat strips in multiple are ased per turn in order to 
facilitate the winding and produce a more compact coil. In many cases normal current 
flow per high tension coil is very low and could be carried with a very small cross sectional 
area of copper; however, flat strip is almost always used on account of the increased 
mechanical stability thus obtained. 


and very nearly equal to the impressed pressure, that is, to the pressure 
applied to the primary winding. Accordingly theonly force available to 
cause current to flow through the primary winding is the difference 
between the impressed pressure and reverse pressure, the effective pressure. 
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The Magnetizing Current.—The magnetizing current of a 
transformer is sometimes spoken of as that current which the 
primary winding takes from the mains when working at normal 
pressure. The true magnetizing current is only that component 
of this total no load current which is in quadrature with the 
supply pressure. The remaining component has to overcome 
the various iron losses, and is therefore an “in phase" component. 
The relation between these two components determines the 
power factor of the so called “magnetizing current.” 





Fics. 1,921 and 1,922.—Assembled coils of Westinghouse 10 and 15 kva. transformers; views 
showing ventilating ducts. 


The true magnetizing component is small if the transformer 
be well designed, and be worked at low flux density. 


Action of Transformer with Load.—If the secondary 
winding of a transformer be connected to the secondary circuit 
by closing a switch so that current flows through the secondary 
winding, the transformer is said to be loaded. 

The action of this secondary current is to oppose the magnetizing 
action of the slight current already flowing in the primary winding, thus 


decreasing the maximum value reached by the alternating magnetic flux 
in the core, thereby decreasing the induced pressure in each winding. 
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The amount of this decrease, however, is very small, inasmuch as a 
very small decrease of the induced pressure in the primary coil greatly 
inereases the difference between the pressure applied to the primary 
coil and the opposing pressure induced in the primary coil, so that the 
primary current is greatly increased. In fact, the increase of primary 
current due to the loading of the transformer is just great enough (or very 
nearly) to exactly balance the magnetizing action of the current in the 





Fic. 1,923.—Rear view of Fort Wayne distributing transformer, showing hanger irons for at- 
taching to pole cross arm, 


secondary coil; that is, the flux in the core must be maintained ap- 
proximately constant by the primary current whatever value the sec- 
ondary current may have. 


When the load on a transformer is increased, the primary of the 
transformer automatically takes additional current and power from 
the supply mains in direct proportion to the load on the secondary. 


When the load on the secondary is reduced, for example by turning 
off lamps, the power taken from the supply mains by the primary coil 
is automatically reduced in proportion to the decrease in the load. 
This automatic action of the transformer is due to the balanced 
magnetizing action of the primary and secondary currents. 
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Classification of Transformers.—As in the case of motors, 
the great variety of transformer makes it necessary that a 
classification, to be comprehensive, must be made from several 
points of view, as: 


]. With respect to the transformation, as 


a. Step up transformers; 
b. Step down transformers. 


2. With respect to the arrangement of the coils and magnetic 
circuit, as 


a. Core transformers; 
b. Shell transformers; 
c. Combined core and shell transformers. 


3. With respect to the kind of circuit they are to be used on, as 


a. Single phase transformers; 
b. Polyphase transformers. 


4. With respect to the method employed in cooling, as 


a. Dry transformers; 
. natural draught; 
b. Air cooled transformers { foncedidcaught: or ain blast: 
€. Oil cooled transformers; 
d. Water cooled transformers. 


5. With respect to the nature of their output, as 


a. Constant pressure transformers; 
b. Constant current transformers; 
c. Current transformers; 

d. Auto-transformers. 


6. With respect to the kind of service, as 


a. Distributing; 
b. Power, 
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7. With respect to the circuit connection that the trans- 
former is constructed for, as 


a. Series transformers; 
b. Shunt transformers. 


Step Up Transformers.— This form of transformer is used 
to transform a low voltage current into a high voltage current. 
Such transformers are employed at the generating end of a 
transmission line to raise the voltage of the alternators to such 
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Fic. 1,924.—-Diagram of elementary step up transformer. As shown the primary windin 
has two turns and secondary 10 turns, giving a ratio of voltage transformation 9 
10 + 2 = 5. Since only !/; as much current flows in the secondary winding as in the 
primary, the latter requires heavier wire than the former. 


value as will enable the electric power to be economically trans- 
mitted to a distant point. 


Copper Economy with Step Up Transformers.—To comprehend 
fully the bearing of the matter, it must be remembered that the energy 
supplied per second is the product of two factors, the current and the 
pressure at which that current is supplied; the magnitudes of the two 
factors may vary, but the valuc of the power supplied depends only on 
the product of the two; for example, the energy furnished per second 
by a current of 10 amperes supplied at a pressure of 2,000 volts is 
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exactly the same in amount as that [urnished per second by a current of 
400 amperes supplied at a presure of 50 volts; in each case, the product 
is 20,000 watts. 

Now the loss of energy that occurs in transmission through a well 
insulated wire depends also on two factors, the current and the resistance 
of the wire, and in a given wire is proportional to the square of the 
current. Intheaboveexample the current of 400 amperes, if transmitted 
through the same wire as the 10 amperes current, would, because it is 
forty times as great, waste sixteen hundred times as much energy in 
heating the wire. It follows that, for the same loss of energy, the 10 
ampere current at 2,000 volts may be carried by & wire having only 
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Fic. 1,925.— Diagram of elementary step down transformer. As shown the primary winding 
has 10 turns and the secondary 2, giving a ratio of voltage transformation of 2 + 10 = .2, 
The current in the secondary being 5 times greater than in the primary will require a pro- 
portionately heavier wire. 


rath of the sectional area of the wire used for the 400 ampere 
current at 50 volts. 

The cost of copper conductors for the distributing lines is therefore 
very greatly economized by employing high pressures for distribution 
of small currents. 


Step Down Transformers.—When current is supplied to 
consumers for lighting purposes, and for the operation of motors, 
etc., considerations of safety as well as those of suitability, 
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require the delivery of the current at comparatively low pressures 
ranging from 100 to 250 volts for lamps, and from 100 to 600 
volts for motors. 

This involves that the high pressure current in the trans- 
mission lines must be transformed to low pressure current at the 
receiving or distributing points by step down transformers, an 
elementary transformer being shown in fig. 1,925. 
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FiGs. 1,926 and 1,927.— Core type transformer. It consists of a central core of laminated iron, 
around which the coils are wound. A usual form of core type transformer consists of a 
rectangular core, around the two long limbs of which the primary and secondary coils are 
wound, the low tension coil being placed next the core. 


Transformers of this type have a large number of turns in 
the primary winding and a small number in the secondary, in 
ratio depending on the amount of pressure reduction required. 


Core Transformers.—This type of transformer may be 
defined as one having an iron core, upon which the wire is 
wound in such a manner that the iron is enveloped within the 
coils, the outer surface of the coils being exposed to the air as 
shown in figs. 1,926 and 1,927. 
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Shell Transformers.—In the shell type of transformer, as 
shown in fig. 1,928, the core 1s in the form of a shell, being built 
around and through the coils. A shell transformer has, as a 
rule, fewer turns and a higher voltage per turn than the core type. 


Ques. What is the comparison between core and shell 
transformers? 


Ans. The relative advantages of the two types has been the 
subject of considerable discussion among manufacturers; the 
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Fic. 1,928.— Shell type transformer. In construction the laminated core is built around and 
through the coils as shown. For large ratings this type has some advantages with respect 
to insulation, while for small ratings the core tvpe is to be preferred in this respect. The 
shell arrangement of the core gives better cooling; with this arrangement minimum 
magnetic leakage is easily obtained. 


companies who formerly built only shell type transformers, now 
build core types, while with other builders the opposite practice 
obtains. 


Ques. Upon what does the choice between the two 
types chiefly depend? 


Ans. Upon manufacturing convenience rather than operating 
characteristics. 
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The major insulation in a core type transformer consists of several 
large pieces of great mechanical strength, while in the shell type; there 
are required an extremely large number of relatively small pieces of 
insulating material, which necessitates careful workmanship to prevent 
defects in the finished transformer, when thin or fragile material 1s used. 


Both core and shell transformers are built for all ratings; for small 
ratings the core type possesses certain advantages with reference to 
insulation, while for large ratings, the shell type possesses better cooling 
properties, and has less magnetic leakage than the core type. 
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Fic. 1,929.—View illustrating the construction of cores 
and coils of Maloney transformers. 
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Fic. 1,930.— Maloney mca 
shield between primary and 
secondary coils, showing 
lapping teature which pre- 
vents, the wrinkling and 
cracking of the mica. 


Combined Core and Shell Transformers.—An improved 
type of transformer has been introduced which can be con- 
sidered either as two superposed shell transformers with coils 
in common, or as a single core type transformer with divided 
magnetic circuit and having coils on only one leg. It is best 
considered however, as a combined core and shell transformer, 
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and for small sizes it possesses most of the advantages of both 
types. It can be constructed at less cost than can either a core 
cr a shell transformer having the same operating characteristics 
and temperature limits. 





Fics. 1,931 and 1,932.— The Berry combined core and shell transformer. It consists of a 


number of inner and outer vertical and radial laminated iron blocks built up of tke usual 
thin sheet iron, with the coils between. The magnetic circuit is completed at the top and 
bottom by other laminated blocks placed horizontally, and the whole is held together 
between top and bottom cast iron frame plates by a bolt passing right down the center. 
Fig. 1,931 gives a general view, W being the winding, and B, B, B, etc., the outer laminated 
blocks. The construction will be better understood from fig. 1,932, where it may be supposed 
that the top cap and laminated cross pieces have been removed. Here LII and 0,0,0 
are respectively the inner and outer radial vertical! blocks, P the primary, and S, S the 
secondary; the latter being in two sections with the primary sandwiched between, as an 
extra precaution against shock. It will be evident that this form of transformer possesses 
excellent ventilation; and this is still further enhanced by opening out the winding at 
intervals toleave ventilatingapertures,asat A, A, A. Fig. 1,932 shows only 6 sets of radial 
- blocks, but the usual plan is to provide 24 or 36, according to the size of the transformer. 


Fig. 1,932 shows a cross section of the first transformer of this type to 
be developed commercially, and known as an “‘iron clad" transformer; 
this construction has been used in England for some time. Fig. 1,933 
shows the American practice. 
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Ques. How is economy of construction obtained in 
designing combined core and shell transformers? 


Ans. The cross section of iron in the central leg of the core 
is made somewhat less than that external to the coils, in order 
to reduce the amount of copper used in the coils. 


Single and Polyphase Transformers.—A single phase 
transformer may be defined as one having only one set of primary 
and secondary terminais, and in which the fluxes an the one or more 





MICA SHIELDS 


Oit DUCT OIL CHANNELS 


Fıc. 1,933.—Plan of Core of General Electric combined core and shell transformer. The core 
used contains four magnetic circuits of equal reluctance, in multiple; each circuit consist- 
ing of a separate core. In this construction one leg of each circuit is built up of two dif- 
ferent widths of punchings forming such a cross section that when the four circuits are 
assembled together they interlock to form a central leg, upon which the winding is placed. 
The four remaining legs consist of punchings of equal width. These occupy a position 
surrounding the coil at equal distances from the center, on the four sides; forming a 
channel between each leg and coil, thereby presenting large surfaces to the oi! and allow- 
ing its free access to all parts of the winding. The punchings of each size transformer are 
all of the same length, assembled alternately, and forming two lap joints equally distributed 
in the four corners of the core, thereby giving a magnetic circuit of low reluctance. 


magnetic circutts are all in phase, as distinguished from a poly- 
phase transformer, or combination in one unit of several one 
phase transformers with separate electric circuits but having cer- 
tain magnetic circuits in common. In polyphase transformers 
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there are two or more magnetic circuits through the core, and 
the fluxes in the various circuits are displaced 1n phase. 


Ques. Is it necessary to use a polyphase transformer 
to transform a polyphase current? 


Ans. No, a separate single phase transformer may be used 
for each phase. 





F:Gs. 1,934 and 1,935.—Top view showing core and coils in place, and view of coils of Westing- 
house distributing transformer. The coils are wound from round wire in the smaller 
sizes of transformers and from strap copper in the larger sizes. Strap wound coils allow 
a greater current carrying conductor section than coils wound from large round wire, as 
there is little waste space between the different turns of the conductor. The coils are 
arranged concentrically with the high tension winding between the two low tension coils, 
this arrangement giving the fine regulation found in these transformers. The low tension 
coils are wound in layers which extend across the whole length of the coil opening in the 
iron, while the high tension coils are wound in two parts and placed end to end. This 
construction reduces the normal voltage strains to a value which will not give trouble 
under any condition of service. The magnetic circuit is built up of laminated, alloy steel 
punchings. each layer of laminz being reversed with reference to the preceding layer and 
all joints butted. This gives a continuous magnetic circuit of low reluctance, low iron 
loss and low exciting current. When assembled, the magnetic circuit consists of four 
separate parallel circuits encircling the coils and protecting the windings from mechanical 
injury. Separate high and low tension terminal] blocks of glazed porcelain are mounted 
upon extensions of the upper end frames. All danger of confusing the leads or inad- 
vertently making an electrical connection between the high and low tension sides of the 
transformer is thus averted. The high tension winding has four leads brought to the 
studs in the terminal block. Adjustable brass connectors or links between the studs 
provide for series or multiple connections between two points of the high tension winding. 
The position of the studs and the length of the links are so proportioned that wrong con- 
nections on the block are impossible. Barriers on the porcelain block separate the studs 
and prevent danger of arcing. Leads with means of preventing creeping of oil by capillary 
action are attached to these studs and brought out of the core through porcelain 
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Ques. Is there any choice between a polyphase trans- 
former and separate single phase transformers for trans- 
forming a polyphase current? 


Ans. Yes, the polyphase transformer is preferable, because 
less iron 1s required than would be with the severalsingle phase 
transformers. The polyphase transformer therefore is some- 
what lighter and also more efficient. 





Gs. 1,936 and 1,937.—Core and shell types of three phase transformer. In the core type. 
fig. 1,936, there are three cores A, B, and C, joined by the yokes D and D'. This formsa 
three phase magnetic circuit, since the instantaneous sum of the fluxes is zero. Each 
core is wound with a primary coil P, and a secondary coil S. As shown, the primary 
winding of each phase is divided into three coils to ensure better insulation. he pn- 
maries and secondaries may be connected star or mesh. The core B has a shorter return 
path than A and C, which causes the magnetizing current in that phase to be less than in 
the A and C phases. This has sometimes been obviated by placing the three cores at the 
corners of an equilateral triangle (as in figs. 1,939 and 1,940), but the extra trouble involved 
is not justified, as the unbalancing is a no load condition, and practically disappears when 
the transformer is loaded. The shell type, fig. 1,937, consists practically of three separate 
transformers in one unit. The flux paths are here separate, each pair of coils being 
threaded by its own flux, which does not, as in the core type, return through the other coils. 
This gives the shell type an advantage over the core type, for should one phase burn out, 
the other two may still be used, especially if the faulty coils be short circuited. The effect 
of such short circuiting is to prevent all but a very small flux from threading the faulty coil. 


Ques. Name two varieties of polyphase transformer ¢ 


Ans. The core, and the shell types as shown in figs. 1,936 
and 1,937. 
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Ques. How should a three phase transformer be oper- 
ated with one phase damaged? 
Ans. The damaged windings should be separated electrically 
from the other coils. 
The pressure winding of the damaged phase should be short circuited 
upon itself and the corresponding low pressure winding shouldalsobe short. 
circuited upon itself, The wind- 
ing thus short circuited will choke 
down the flux passing through 
the portion of the core surrounded 
by them without producing in 
any portion of the winding a cur- 
rent greater than a small fraction 
of the current which would nor- 


mally exist in such portion at 
full load. 


Transformer  Losses.— As 
previously mentioned, the ratio 
between the applied primarv 
voltage and the secondarv ter- 
minal voltage of a transformer 
is not alwavs equal to the ratio 
of primary to secondarv turns 
of wire around the core. 

The commercial transformer 
is not a perfect converter of 
energy, that is, the input, or 
watts applied to the primary 
circuit is always more than the 
output or watts delivered from 
the secondary winding. 


Fic. 1,938.—Interior of General Electric oil This is due to the various 


led 500 e i 
em imis Mus e. trans- losses which take place, and the 
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difference between the input and the output is equal to the sum 
of these losses. They are divided into two classes: 


1. The iron or core losses; 
2. The copper losses. 
The iron or core losses are due to 
1. Hysteresis; 
ANGULAR YOKE CU YOKE 
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COR V 
Fics. 1,939 and 1,940.—Triangular arrangements of cores of three phase transformer. Fig. 1,939, 
form with three cornered yokes at bottom and top of cores; fig. 1,940, form with circular 
yokes. While these designs give perfect symmetry for the three phases, there is some 
trouble in the mechanical arrangement of the yokes. If these be ptas pd out triangularly 
and inserted horizontally between the three cores, it is necessary to interpose a layer of 
insulation, otherwise there would be objectionable eddy currents formed in the stampings. 
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2. Eddy currents; 
3. Magnetic leakage (negligibly small). 


Those which are classed as copper losses are due $? 


1. Heating the conductors (the R loss): 
2. Eddy currents in conductors. 
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Hysteresis.—In the operation of a transformer the alter- 
nating current causes the core to undergo rapid reversals of 
magnetism. This requires an expenditure of energy which is 
converted into heat. 

This loss of energy as before explained is due to the work 
required to change the position of the molecules of the iron, 





Fic. 1,941.—View showing mechanical construction of coil and core of Moloney pole type !4 to 
90 kw. transformer. Moloney standard transformers of these sizes are regularly wound 
for 1.100 to 2,200 primary volts. For 1,100 volts the primary coils are connected in 
parallel by means e eting links; for 2,200 volts, they are connected in series. The 
porcelain primary terminal board is provided with two connecting links so that con- 
nections can be made for either 1,100 or 2,200 volts. 


in reversing the magnetization. Extra power then must be 
taken from the line to make up for this loss, thus reducing the 
efficiency of the transformer. 


Ques. Upon what does the hysteresis loss depend? 


Ans. Upon the quality of the iron in the core, the magnetic 
density at which it is worked and the frequency. 


1,398 HAWKINS ELECTRICITY 





Ques. With a given 
quality of iron how 
does the hysteresis 
loss vary? 


Ans. It varies as 
the 1.6 power of the 
voltage with constant frequency. 





Ques. Inconstruction, what 
is done to obtain minimum 
hysteresis loss? 


Ans. The softest iron obtain- 
able is used for the core, and a 
low degree of magnetization is 
employed. 


Eddy Currents.—The iron core 
of a transformer acts as a closed 


conductor in which small pressures ric. 1,942.—Fort Wayne transformer 
coils and core complete, 


of different values 
are induced in 
different parts by the 
alternating field, giv- 
ing rise to eddy cur- 
rents. Energy is thus 
consumed by these 
currents which is 
wasted 1n heating the 
iron, thus reducing 
Fic. 1,943.— Top view of Fort Wayne (type A) transformer thie efficiency of the 


cover removed, showing assembly of coils and core and 
disposition of leads, transformer. 
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Ques. How is this loss reduced to 
a minimum? 










Ans. By the usual method of laminat- 
ing the core. 


The iron core is built up of very thin sheet 
iron or steel stampings, and these are in- 
sulated from each other by varnish and are 
laid face to face at right angles to the path 
that the eddy cur- 
rents tend to fol- 
low, so that the 
currents would 
have to pass from 
sheet to sheet, 
through the insula- 
tion. 


Ques. In prac- 
tice, upon what 
does the thickness 
of the laminas or 
stampings depend? 


Ans. Upon the 
frequency. 


The laminze vary 
in thickness from 
about .014 to .025 
inch, according as 
the frequency is re- 
spectively high or 
low. 


Fic. 1,944.—Genera! Electric 10 kva., (type H) transformer removed from tank. That a 
of the steel core composing the magnetic circuit outside of the winding is divided into four 
equal sections. Each section is located a sufficient distance from the winding so that all 
portions of the winding and core are equally exposed to the cooling action of the oil. On 
allexcept the very smallest sizes the winding 1s divided by channels and ducts through 
which a continual circulation of oil is maintained. The result is uniform temperature 
throughout the transformer, thus eliminating the detrimental effects of unequal expansion 
in the coils with consequent rubbing and abrasion of tbe insulation. 
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Ques. Does a transformer take any current when the 
secondary circuit is open? 


Ans. Yos,a "no load" current passes through the primary. 
Ques. Why? 


Ans. The energy thus supplied balances the core losses. 





Fic. 1,945.— Cover construction of Wagner 350 kva., oil filled 1,100-2,200 volt transformer. 
In HE TIS with corrugated cases, the base and top ring are cast to the corrugated 
iron sheets. 


Ques. Are the iron or copper losses the more im- 
portant, and why? 


Ans. The iron losses, because these are going on as long as 
the primary pressure is maintained, and the copper losses take 
place only while energy is being delivered from the secondary. 
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Strictly speaking, on no 
load (that is when the 
secondary circuit is open) a 
slight copper loss takes place 
in the primary coil but be- 
cause of its smallness is not 
mentioned. It is, to be ex- 
act, included in the expres- 
sion “iron losses," as the 
precise meaning of this term 
signifies not only the hysteresis 
and eddy current losses but the 
copper loss in the primary coil 
when the secondary ts open. 

The importance of the 
iron losses is apparent in 
noting that in electric light- 
ing the lights are in use only 
a small fraction of the 24 
hours, but the iron losses 
continue all the time, thus 
the greater part of each day 
energy must be supplied to 
each transformer by the 
power company to meet 
the losses, during which time 
no money is received from 
the customers. 

Some companies make a 
minimum charge per month 
whetherany currentis used 
or not to offset the no load 
transformer losses and rent 
of meter. 


Ques. How may the 
iron losses be reduced to 
a minimum? 


Ans. By having short 
magnetic paths of large area 
and using iron or steel of 
high permeability. The de- 
sign and construction must 
keep the eddy currents as 
low as possible. 


g the low tension sides, of Westinghouse transformers using the connectors 


Fics. 1,946 to 1,948.—Methods of connectin 
illustrated in figs. 1,949 to 1,953. 
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As before stated the iron losses take place continually, and since most 
transformers are loaded only a small fraction of a day tt is very important 
that the iron losses should be reduced to a minimum. 


With a large number of transformers on a line, the magnetizing cur- 
rent that is wasted, is considerable. 


During May, 1910, the U. S.. Bureau of Standards issued a circular 
showing that each watt saving in core losses was a saving of 8$ cents, 
which is evident economy in the use of high grade transformers. 


Copper Losses.—Since the primary and secondary windings 
of a transformer have resistance, some of the energy supplied 
will be lost by heating the copper. The amount of this loss is 
proportional to square of the current, and is usually spoken of 
as the T'R loss. 


coa 
ES aa 


Fics. 1,949 to 1,953.— Westinghouse low tension transformer connectors for connecting the 
low tension leads to the feeder wires. The transformers of the smaller capacities have 
knuckle joint connectors and those of the larger sizes have interleaved connectors. These 
connectors form a mechanically strong joint of high current carrying capacity. Since the 
high tension leads are connected directly to the cut out or fuse blocks, connectors are not 
required on these leads. The use of these connectors allows a transformer to be removed 
and another of the same or a different capacity substituted usually without soldering or 
unsoldering a joint. The connectors also facilitate changes in the low tension connections. 






Ques. Define the copper losses. 


Ans. The copper losses are the sum of the I R losses of both 
the primary and secondary windings, and the eddy current loss 
in the conductors. 


Ques. Is the eddy current loss in the conductors large? 


Ans. No, it is very small and may be disregarded, so that 
the sum of the I’R losses of primary and secondary can be taken 
as the total copper loss for practical purposes. - 
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Ques. What effect has the power factor on the copper 
losses ? 

Ans. Since the copper loss depends upon the current in the 
primary and secondary windings, it requires a larger current 
when the power factor is low than when high, hence the 
copper losses increase with a lowering of the power factor. 
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Fic. 1,954.— Method of bringing out the secondary leads in Wagner central station trans- 
formers. Each primary lead is brought into the case through a similar bushing. Observe 
the elimination of all possibility of grounding the cable on the case or core. 

Ques. What effect otber than heating has resistance 
in the windings? 


Ans. It causes poor regulation. 


This is objectionable, especially when incandescent lights are in use, 


because the voltage fluctuates inversely with load changes, that is, 
it drops as lamps are turned on and rises as they are turned off, pro- 
ducing disagreeable changes in the brilliancy of the lamps. 
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Cooling of Transformers.—Owing to the fact that a 
transformer is a stationary piece of apparatus, not receiving 
ventilation from moving parts, its efficient cooling becomes a 
very strong feature of the design, especially in the case of large 
high pressure transformers. The effective cooling is rendered 
more difficult because transformers are invariably enclosed in 
more or less air tight cases, except 1n very dry situations, where a 
perforated metal covering may be permitted. 





Fics. 1,955 and 1,956.— Westinghouse transformer terminal blocks for high and low tension 
conductors. 


The final degree to which the temperature rises after con- 
tinuous working for some hours, depends on the total losses 
in iron and copper, on the total radiating surface, and on the 
facilities afforded for cooling. 

There are various methods of cooling transformers, the 
cooling mediums employed being 

L Ar: 

cat: 

3. Water. 

The means adopted for getting rid of the heat which is inevit- 
ably developed in a transformer by the waste energy is one of 
the important considerations with respect to its design. 
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Ques. What is the behaviour of a transformer with 
respect to heating when operated continuously at full 
load? 


Ans. The temperature gradually rises until at the end of 
some hours 1t becomes constant. 


'The difference between the constant temperature and that of the 
secondary atmosphere is called the temperature rise at full load. Tts 
amount constitutes a most important feature in the commercial value of the 
transformer. 





Fics. 1,957 to 1,960.—Porcelain bushing for Westinghouse transformers, 


Ques. Why isa high rise of temperature objectionable? 


Ans. It causes rapid deterioration of the insulation, increased 
hysteresis losses, and greater fire risk. 


Dry Transformers.—This classification is used to distinguish 
transformers using air as a cooling medium from those which 
employ a liquid such as water or oil to effect the cooling. 


Air Cooled Transformers.—This name is given to all trans- 
formers which are cooled by currents of air without regard to the 
manner in which the air is circulated. There are two methods 
of circulating the air, as by 


1. Natural draught; 
2. Forced draught, or blast. 
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Ques. Describe a natural draught air cooled trans- 
former. 

Ans. In this type, the case containing the windings is open 
at the top and bottom. The column of air in the case expands 
as its temperature rises, becoming lighter than the cold air on 
the outside and is consequently displaced by the latter, resulting 
in a circulation of air through the case. The process 1s identical 
with furnace draught. 





Fics. 1,961 to 1.963.—Fuse blocks for Westinghouse transformers. The fuses furnished with 
the transformers are mounted in a weather proof porcelain fuse box of special design. The 
stationary contacts are deeply recessed in the porcelain and are well separated from each 
other. The contacts are so constructed that the plug is held securely in place by giving 
it a partial turn after inserting it. When the plug is in position, the fuse is in sight and 
its condition can be noted which eliminates all danger of pulling the fuse while same is 
still intact and the transformer is under load. 


Ques. Describe a forced draught or air blast trans- 
former. 


Ans. The ease 1s closed at the bottom and open at the top. 
A current of air is forced through from bottom to top as shown 
in fig. 1,964 by a fan. 


Ques. How are the coils best adapted to air cooling? 


Ans. They are built up high and thin, and assembled with 
spaces between them, for the circulation of the air. 


TRANSFORMERS — 1407 





Ques. What are the requirements with respect to the 
air supply in forced draught transformers?: 

Ans. Air blast transformers require a large volume of air at 
a comparatively low pressue. This varies from one-half to one 
ounce per square inch. The larger transformers require greater 
pressure to overcome the resistance of longer air ducts. 
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Fic, 1,964.—Forced draught or “‘air blast’’transformer. Asis indicated by the classification, 
this type of transformer is cooled by forcing a current of air through ducts, provided between 
the coils and between sectionalized portions of the core. The cold air is forced through 
the interior of the core containing the coils by a blower, the air passing vertically through 
the ccils and out through the top. Part of the air is sometimes diverted horizontally 
through the ventilating ducts provided in the core, passing off at one side of the trans- 
former. The amount of air going through the coils, or through the core, may be con- 
trolled independently by providing dampers in the passages. 


Ques. How much air is used ordinarily for cooling 
per kw. of load? 


Ans. About 150 cu. ft. of air per minute. 
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In forced draught transformers, the air pressure maintained by the 
blower varies from 14 to 11% oz. per square inch. Forced draught or 
air blast transformers are seldom built in small sizes or for voltages higher 
than about 35,000 volts. 


Oil Cooled Transformers.—In this type of transformer the 
coils and core are immersed in oil and provided with ducts to 





Tere 


Fic. 1965.—Looking down into a Wagner central station transformer, showing the connection 
board, which provides facility for varying the ratio of transformation and also for inter- 
changing the primaries. 

allow the oil to circulate by connection and thus serve as a 

medium to transmit the heat to the case, from which it passes 

by radiation. 


Ques. Explain in detail the circulation of the oil. 


Ans. ‘The oil, heated by contact with the exposed surfaces 
of the core and coils, rises to the surface, flows outward and 
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descends along the sides of the transformer case, from the outer 
surface of which the heat is radiated into the air. 


Ques. How may the efficiency of this method of cool- 
ing be increased? 


Ans. By providing the case with external ribs or fins, or by 
“fluting” so as to increase the external cooling surface. 
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Fic. 1966.—Section through Westinghouse L5 kilovolt ampere type S transformer. 
I 1G. 1967.—Section through Westinghouse 50 kilovolt ampere type S transformer showing 
large oil ducts. 
Ques. In what types of transformer is this mode of 
oil cooling used? 


Ans. Lighting transformers. 


In such transformers, the large volume of oil absorbs considerable heat, 
so that the rise of temperature is retarded. Hence. for moderate periods 
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of operation, say 3 or 4 hours, the average lighting period, the maximum 
temperature would not be reached. 


Ques. In what other capacities except that of cooling 
agent, does the oil act? 

Ans. It is a good insulator, preserves the insulation from 
oxidation, increasing the breakdown resistance of the insula- 
tion, and generally restores the insulation in case of puncture. 





Fic. 1,96S.—Wagner 300 kva, 4,400 volt three phase oil cooled transformer. In this type of 
transformer the case is filled with oil and fluted so as to increase the cooling surface, an oil 
drain valve is screwed to a wrought iron nipple cast into the base, the duct to which isin such 
a position as to make it possible not only to drain all of the oil from the transformer, but 
when desirable, to draw off a small quantity from the bottom. Should any moisture be in 
the oil it is therefore drawn off first. 


Ques. What is the special objection to oil? 
Ans. Danger of fire. 

Ques. What kind of oil is used in transformers? 
Ans. Mineral oi. 
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Ques. What are the requirements of a good grade of 
transformer oil? 

Ans. It should show very little evaporation at 212” Fahr., 
and should not give off gases at such a rate as to produce an 


explosive mixture with the air at a temperate below 356°. It 
should not contain moisture, acid, alkali or sulphur compounds. 
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Fic, 1,969.—Section through Fort Wayne (type A) transformer showing izterior of case, core 
conductors, and insulation, also division of laminz. 


The presence of moisture can be detected by thrusting a red hot nail 
in the oil; if the oil "crackle," water is present. Moisture may be 
removed by raising the temperature slightly above the boiling point, 
212? Fahr, but the time consumed (several days) is excessive. 
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Water Cooled Transformers.—A water cooled transformer 
is one in which water is the cooling agent, and, in most cases, 
oil is the medium by which heat is transferred from the coils to 
the water. In construction, pipes or a jacketed casing is pro- 
vided through which the cooling water is passed by forced cir- 
culation, as shown in figs. 1,970 and 1,971. 
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Fic. 1,970.—Water cooled transformer with internal cooling coil, that is, with cooling coil 
within the transformer case. In this type, the cooling coil, through which the circulating 
water passes, is placed in the top of the case or tank, the latter is filled with oil so that the 
coil is submerged. The oil acts simply as a medium to transfer the heat generated by 
the transformer to the water circulating through cooling coil. In operation a continual 
circulation of the oil takes place, as indicated by the arrows, due to the alternate heating 
and cooling it receives as it flows past the transformer coils and cooling coil respectively. 


In some cases tubular conductors are provided for the cir- 
culation of the water. 

Water cooled transformers may be divided into two classes, 
as those having: 
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1. Internal cooling coils; 
2. External cooling coils. 


Ques. Describe the first named type. 


Ans. Inside the transformer case near the top is placed a 
coil of wrought iron pipe, through which the cooling water is 
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Fic. 1,971.—Water cooled transformer with external cooling coil. In this arrangement the 
cooling coil is placed in a separate tank as shown. Here forced circulation is employed 
for both the heat transfer medium (oil) and the cooling agent (water), two pumps being 
necessary. The cool oil enters the transformer case at the lowest point and absorbing 
heat from the transformer coils it passes off through the top connection leading to the 
cooling coil and expansion tank. Since the transformer tank 1s closed, an expansion tank 
is provided to allow for expansion of the oil due to heating. The water circulation is 
arranged as illustrated. 


pumped. The case is filled with oil, which by thermo-circulation 
flows upward through the coils, transferring the heat absorbed 
from the coils to the water; on cooling it becomes more dense 
(heavier) and descends along the inside surface of the casing. 
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Ques. How much circulating water is required? 


Ans. It depends upon the difference between the initial and 
discharge temperatures of the circulating water. 


Ques. In water 
cooled transformers 
how much cooling 
surface is required 
for an internal cool- 
ing coil? 


Ans. The surface of 
the cooling coil should 
be from .5 to 1.9998 
in. per watt of total 
transformer loss, depend- 
ing upon the amount of 
heat which the external 
surface of the trans- 
former case will dis- 
sipate. 
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For a water temper- 
ature rise of 43? Fahr., 
1.32 lbs. of water per 
minute 1s required per 
kw. of load. 





Transformer Insu- 


Fic. 1,972.—Interior of General Electric water cooled e : : 
140,000 volt transformer showing cooling coil. lation.— This subject 


has not, until the last 
few years, been given the same special attention that many 
other electrical problems have received. although the development 
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of the transformer from its original form, consisting of an 
iron core enclosed by coils of wire, to its present degree of refine- 
ment and economy of material, has been comparatively rapid. 

In transformer construction it is obviously very important 
that the insulation be of the best quality to prevent burn outs 
and interruptions oÍ service. 


Ques. What is the “major”” insulation ? 


Ans. The insulation placed between the core and secondary 
(low pressure) coils, and between the primary and secondary coils. 





Fic. 1,973.—Assembled coils of General Electric water cooled 500 kva., 66,000 volt transformer. 


It consists usually of mica tubes, sometimes applied as sheets held in 
place by the windings, when no ventilating ducts are provided, or moulded 
to correct form and held between sheets of tough insulating material 
where ducts are provided for air or oil circulation. 


Ques. Describe the “‘minor’’ insulation. 


Ans. It is the insulation placed between adjacent turns of 
the coils. 


Since the difference of pressure is small between the adjacent turns 
the insulation need not be very thick. It usually consists of a double 


a 
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thickness of cotton wrapped around each conductor. For round con- 
ductors, the ordinary double covered magnet wire is satisfactory. 


Ques. What is the most efficient insulating material 
for transformers? 
Ans. Mica. 
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F1G. 1,974.—Three Westinghouse 20 kva, outdoor transformers, for irrigation service, These are 
mounted on a drag so that they may be read:ly transported from place to place. 33,000 
volts high tension; 2,200 and 440 volts low tension, 50 cycles. These outdoor trans- 
formers are of the oil immersed, self-cooling type and have been developed to meet the 
requirements for transformers of capacities greater or of voltages higher than are usually 
found in distribution work. They are in reality distributing transtormers for high volt- 
age, outdoor installations, single or three phase service, for voltages up to 110,000. Where 
the magnitude of the load does not warrant an expensive installation, transformers of 
the outdoor type are particularly applicable. The cost of a building and outlet bushings 
which is often the item of greatest expense is eliminated where outdoor type transformers 
are installed. 





_ It has a high dielective strength, is fireproof, and is the most desirable 
insulator where there are no sharp corners. 
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Oil Insulated Transformers.—High voltage transformers 
are insulated with oil, as it is very important to maintain careful 
insulation not onlv between the coils, but also between the coils 
and the core. In the case of high voltage transformers, anv 
accidental static discharge, such as that due to lighting, which 
might destrov one of the air insulated type, might be success- 
fully withstood by one insulated with oul, for if the oil insulation 
be damaged it will mend itself at once. 

By providing good circulation for the oil, the transformer can 
get rid of the heat produced in it readily and operate at a low 
temperature, which not only increases its life but cuts down 
the electric resistance of the copper conductors and therefore 
the I’ R loss. 


Efficiency of Transformers.—The efficiency of transformers 
is the ratio of the electric power delivered ai the secondary terminals 
to the electric power absorbed at the primary terminals. 

Accordinglv, the output must equal the input minus the 
losses. If the iron and copper losses at a given load be known, 
their values and consequently the efficiency at other loads mav 
be readily calculated. 


EXAMPLE.—If a 10 kilowatt constant pressure transformer 
at full load and temperature have a copper loss of .16 kilowatt, 
or 1.6 per cent., and the iron loss be the same, then its 
a E os X 100 — 96.9 per cent. 

input 10 + .16 + .16 
At three-quarters load the output will be 7.5 kilowatts; and as 
the iron loss 1s practically constant at all loads and the copper 
loss is proportional to the square of the load, the 


xX 100 = 96.8 per cent. 


efficiency = 


= €- 


output _ (.0 


* 


efficiency = = —— CT. 
y input 7.5 + .16 + .09 
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The matter of efficiency is important, especially in the case of 
large transformers, as a low efficiency not only means a large 
waste of power in the form of heat, but also a great increase in 
the difficulties encountered in keeping the apparatus cool. 
The efficiency curve shown in fig. 1,975, serves to indicate, how- 
ever, how slight a margin actually remains for improvement in 
this particular in the design and construction of large transformers. 
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Fic. 1,975.—Efficiency curve of Westinghouse 375 kw., transformer. Pressure 500 to 15, 000 
volts; frequency 60. Efficiencies at different loads: full load efficiency, 9570; ? 3⁄ full 
load efficiency, 9S%: 12 full load efficiency, 97.6%; %4 full load efficiency 96.1%; regula- 
tion non-inductive load, 1. 4%; load having .9 power factor, 3.3%. 


The efficiency of transformers is, in general, higher than that of other 
electrical machines; even in quite small sizes it reaches over 90 per cent., 
and in the largest, is frequently as high as 98.5 per cent. 


To measure the efficiency of a transformer directly, by measuring 
input and output, does not constitute a satisfactory method when the 
efficiency 1s so high. A very accurate result can be obtained, however, 
by measuring separately, by wattmeter, the core and copper losses. 


The core loss is measured by placing a wattmeter in circuit when the 
(cansformer is on circuit at no load and normal frequency. 
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The copper loss is measured by placing a wattmeter in circuit with the 
primary when the secondary is short circuited, and when enough pressure 
is applied to cause full load current to flow. 

If it be desired to separate the load losses from the true I?R loss, the 
resistances can be measured, and the PR loss calculated and subtracted 
from the wattmeter reading. The losses being known, the efficiency at 
any load is readily found by taking the core loss as constant and the 
copper loss as varying proportionally to the square of the load. Thus, 


output 


output + losses Coen 


efficiency = 


All Day Efficiency of Transformers.— This denotes the ratio 
of the total watt hour output of a transformer to the total watt 
hour input taken over a working day. To compute this eff- 
ciency it is necessary to know the load curve of the transformer 
overaday. Supposethatthisis equivalent to 5 hours at full load, 
and 19 hours at noload. Then, if W, be the core loss in watts, 
W: the copper loss at rated load, and W the rated output, 


output = 5 X W, 
losses = 5 (Wi + W:) + 19 W,, 
input = 5 (W + W, + W.) + 19 W,, 


and the all day efficiency is equal to 


5 W Xx 100 


——T[  — — — —— per cent. 
5(W + W. + W.) + 19 W. 


Commercial or all day efficiency 1s a most important point in 
a good transformer.  'The principal factor in securing a high all 
day efficiency is to keep the core loss as low as possible. The 
core loss is constant—it continues while current is supplied to 
the primary, while copper loss takes place only when the sec- 
ondary is delivering energy. 

In general, if a transformer is to be operated at light loads 
the greater part of the day, it is much more economical to use 
one designed for a small iron loss than for a small full load 
copper loss. 
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Fics. 1,976 and 1,977.—Westinghouse double pole fuse box; views showing box open with tubes in place, and with tubes removed. 


Transformer Fuse 
Blocks.—These may be of 
either the single pole or double 
pole type. Fig. 1,976 shows a 
double pole fuse box opened, 
and fig. 1,977, the fuse box 
opened and the tubes re- 
moved. Of the four wires, 
W, W, W, W, entering the 
box from beneath, two are 
from the primary mains, and 
two lead to the primary coil 
of the transformer. These 
wires terminate in metallic 
receptacles R, R, R, R, in the 
porcelain plate P, fig. 1,977, 
which are bridged over in 
pairs by fuse wires placed in- 
side porcelain tubes T, T, as 
shown in fig. 1,976. These 
tubes are air tight except for 
a small outlet O in each, 
which fit into the receptacles 
B, B, in the porcelain plate 
and open out at the back of 
the block, asshowninfig. 1,977. 

The fuse wires are connect- 
ed between metallic spring 
tubes S, S, 5, S, wlich fitinge 
the reeeptacics R, R, R, R. 

If a sudden load or a short 
circuit occur in the trans- 
former, the intense heat, 
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accompanying the melting or blowing of the fuse, causes a rapid 
expansion of the air inside the tube, so that a strong blast of air 
rushes through the outlet O of the tube and immediately extin- 
guishes the arc. 


By this arrangement, sustained arcing is prevented, as the action of 
the tube causes the arc to extinguish itself automatically when the 
current is interrupted. 

The porcelain tubes are held in position by the spring K, and the 
primary of the transformer becomes entirely disconnected from the 
circuit when the tubes are lifted out. 

This form of construction enables the lineman to detach the tubes 
from the fuse box, and insert the fuse at his convenience, Furthermore, 
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Fic. 1,978.— Diagram illustrating connections and principles of auto-transformers as explained 
in the accompanying text. 


when inserting fuse in a short circuited line, he does not run the risk of 
being hurt, as the heated vapor of the exploding fuse can escape through 
the outlet provided for that purpose, and in a predetermined direction. 
The method of attaching the lid not only permits of quick access to 
the interior of the box, but enables the lineman to tighten the joints 
by means of the thumb screws L, L, so as to keep the box waterproof. 


Auto-transformers.—In this class of transformer, there is 
only one winding which serves for both primary and secondary. 
On account of its simplicity it is made cheaply. 


Auto-transformers are used where the ratio of transformation is small, 
as a considerable saving in copper and iron can be effected, and the whole 
transformer reduced in size as compared with one having separate windings. 
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Fig. 1,97S illustrates the electrical connections and the relations 
between the volts and number of turns. 


By using the end wireand tapping in on turn No. 20 a current at 20 
volts pressure is readily obtained which may be used for starting up 
motors requiring a large starting current and yet not draw heavily on 
the line. 


Since the primary is connected directly to the secondary it would be 
dangerous to use an auto-transformer on high pressure circuits. This 
type of transformer has only a limited use, usually as compensator for 
motor starting boxes. 


200 


20 +——— 


100 





Fics. 1,979 and 1,980.— Two winding transformer and single winding or auto-transformer. 
Fig. 1,979 shows a 200:100 volt transformer having a 10 amp. primary anda 20 amp. secon- 
dary, the currents being in opposite directions. If these currents be superposed by using 
one winding only, the auto-transformer shown in fig. 1,980 is obtained where the winding 
carries 10 amp. only and requires only one-half the copper (assuming the same mean 
length of turn). If R be the ratio of an auto-transformer, the relative size of it compared with 

— 1 





a transformer of the same ratio and output is as :1. For example, a 10 kw. t. ans- 
fo-mer of 400 volts p-ima-y and 300 volts secondary could be replaced by an auto- 
transfo-mer of 10 X — = 2.5 kw.; or, in other words, the amount of materia) used 


in a 224 kw. transformer could be used to wind an auto-transformer of 400 : 300 ratio and 
10 kw. output. 


Constant Current Transformers for Series Arc Light- 
ing.—The principle of the constant current transformer as 
used for series arc lighting is readily understood by reference 
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to the elementary diagram shown in fig. 1,981. <A constant 
alternating current 1s supplied to the stationary primary coil 
which induces a current in the movable secondary coil. The 
pressure induced in the coil will depend on the number of lines 
of flux which pass through it and by changing its position in 
the magnetic field over the primary a variable e.m.f. can be 
produced and a constant current maintained in the lighting 
circuit when the lamps are turned on or off, or if the resistance 
of the circuit be lowered by the consumption of the carbons. 
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Fic. 1,981.—Elementary diagram illustrating the principles of constant current transformer 
as used for series arc lighting. 


Since the induced currents in the secondary are repelled by 
the primary there is a tendency for the secondary coil to jump 
out of the primary field, and in case of a very large current due 
to a short circuit in the lamp circuit, the secondary current is 
quickly reduced to normal by the rapid movement of the coil 
upward. 

By adjusting the counterweight for a given number of amperes 
required by the arc, the current will be maintained constant 
by the movement of the secondary coil. 


1,424 HAWKINS ELECTRICITY 





The magnetic field produced by the primary must be kept 
the same by a constant current from the alternator, therefore, 
when the lamp load is increased the primary voltage increases 
similar to that of an ordinary series wound direct current 
dynamo. In other words the alternator and regulating trans- 
former supply a constant current and variable voltage. 
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Fic. 1.982.—Mechanism of General Electric air cooled constant current transformer. It 
operates on the principle explained in the accompanying text and is built to supply 25 to 
100 arc lamps at 6.6 to 7.5 amperes. The transformers are interchangeable and will 
operate on 60 or 125cycles. The relative positions of the two coils may be changed in order 
to regulate the strength of the current more closely, by shifting the position of the arc 
carrying the counterbalance by means of the adjusting screwonit. A dash pot filled with 
special oli prevents sudden movements of the secondary coil and keeps the current through 
the lamps nearly constant, when they are being cut in or out of the circuit. In starting 
up a constant current transformer, it is necessary to separate the two coils as far as pos- 
sible and then close the primary circuit switch and allow the two coils to come together. 
If the primary circuit be thrown directly on the generator the heavy mush of current which 
will follow due to the two coils being too close together might injure the lamps. 


Constant current incandescent lighting systems for use in 
small towns also use this method for automatically regulating 
the current. 
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Regulation.—This term applies to the means adopted either 
to obtain constancy of pressure or current. In the transformer, 
regulation is inherent, that is, the apparatus automatically 
effects its own regulation. The regulation of a transformer 
means, the change of voltage due to change of load on the secondary; 
it may be defined more precisely as: the percentage increase in 
the secondary voltage as the load is decreased from tts normal value 
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Fic. 1,983.—General Electric air cooled constant current transformer. View showing ex- 
ternal appearance with case on. 


to zero. ‘Thus, observation should be made of the secondary 
voltage, at full load and at no load, the primary pressure being 
held constant at the normal value. 

The regulation is said to be “good” or “close,” when this change is 


small. In the design of a transformer, good regulation and low iron 
losses are 1n opposition to one another when the best results are desired in 
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both. A well designed trans- 
former, however, should give 
good results, both as to regula- 
tion and iron losses, the relative 
value depending upon the class 
of work it has to do, and size. 


A balanc- 


BALANCING 
TRANSFORMER 


Transformer Connec- 
tions.—The alternating cur- 
rent has the advantage over 
direct current, in the ease with 
which the pressure and current 
can be changed by different 
connections of transformers. 


c lighting with thrce wire secondarics. 


enter of distribution as shown. 
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On single phase circuits the 


transformer connections can 
be varied to change current 
and pressure, and in addition 
on polyphase circuits the 
phases can also be changed to 
almost any form. 
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Single Phase Connec- 
tions.—The method of con- 
necting ordinary distributing 
transformers to constant pres- 
sure mains is shown by the 
elementary diagram, fig. 1,984, 
where a transformer of 10 to 
1 ratio is indicated with its 
primary winding connected to 
a 1,000 volt main, and a 
secondary winding to deliver 
100 volts. 
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Fic. 1,981.—Single phase transfo 


Fic. 1,985.—Usu 


TRANSFORMERS 1,427 


Fig. 1,986 shows a transformer with each winding divided into 
two sections. Each primary section 1s wound for 1,000 volts, 
and each secondary section for 50 volts. By connecting the 
entire primary winding in series, the transformer mav be supplied 
from a 2,000 volt main, as indicated, and if the secondary 
winding be also connected all in series, as shown, the no load 
voltage will be 100 between the secondary terminals. 
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Fic. 1,986.— Diagram of single phase transformer having primary and secondary windings in 
two sections, showing voltages per section with series connections. 


The sections of the primary winding may be connected in 
parallel to a 1,000 volt main, and 100 volts obtained from the 
secondary, or the primary and secondary windings may be 
connected each with its two sections in parallel, and trans- 
formations madefrom 1,000 to 50 volts as represented in fig. 1,987. 


This is a very common method of construction for small transformers, 
which are provided with convenient terminal blocks for combining the 
sections of each winding to suit the requirements of the case. When 
the two sections of either winding are connected in parallel as shown in 
fig. 1,987, care must be taken to connect corresponding ends of the two 
sections together. 
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Combining 'Transformers.— Two or more transformers 
built to operate at the same pressure and frequency may be con- 
nected together in a variety of ways; in fact, the primary and 
secondary terminals may each be considered exactly as the 
terminals of direct current dynamos, with certain restrictions. 


1000 VOLT LINE 
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Pic. 1,987.—Diagram of single phase transformer with primary and secondary windings of two 
sections each, showing voltages per section with parallel connection. 


Ques. What are the two principal precautions which 
must be observed in combining transformer terminals? 


Ans. The terminals must have the same polarity at a given 
instant, and the transformers should have practically identical 
characteristics. 


The latter condition is not absolutely essential, but it is emphatically 
preferable. For example, if a transformer, which has 2 per cent. regu- 
lation, be connected in parallel, as indicated in fig. 1,988, with one which 
has 3 per cent. regulation, at no load the transformers will give exactly 
the same voltage at the secondary terminals, but at full load one will 
have a secondary pressure of, say, 98 volts, while the other has 97 volts. 
The result is that the transformer giving only 97 volts will be subject 
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to a reverse pressure of one volt from its mate. "This will not cause 
excessive current to flow backward through the secondary winding of 
the low voltage transformer, but it will disturb the phase relations and 
lower the power factor and efficiency of the combination. In such a 
case it is much better to work the secondary circuits of the two trans- 
formers separately. 


In case the transformers have practically the same characteristics it 
is necessary, as stated above, to make sure that the secondary terminals 
connected together have the same polarity at a given instant; it is not 
necessary to find out definitely what the polarity is, merely that it is the 
same for both terminals. This can be easily done as shown in fig. 1,989. 
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Fic. 1,98S.— Diagram showing unlike single phase transformers in parallel. 
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Ques. What may be said with respect to operating 
transformer secondaries in parallel? 


Ans. It is seldom advantageous. Occasionally it may be 
necessary as a temporary expedient, but where the load is such as 
to require a greater capacity thanthatof a transformer already in- 
stalled, it is much better to replace it by a large transformer than 
to supplement it by an additional transformer of its own size. 


Ques. How are the secondaries arranged in modern 
transformers and why? 


Ans. The secondary windings are divided into at least two 
sections so that they may be connected either in series or varallel. 
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Ques. Explain how secondary connections are made 
for different voltages. 

Ans. If, for instance, the secondary pressure of a trans- 
former having two sections be 100 volts with the terminals in 
parallel, as in fig. 1,990, then connecting them in series will give 
200 volts at the free secondary terminals, as indicated in fig. 1,991. 


Ques. What precaution should be taken in connecting 
secondary sections in parallel in core type if the two 
sections be wound on different limbs of the core? 





Fic. 1,989.—Method of comparing instantaneous polarity. "Two of the terminals are con- 
nected as shown by a small strip of fuse wire, and then touching the other two terminals 
together. If the fuse blow, then the connections must be veversed; if it do not, then 
they may be made permanent. 


Ans. It will be advisable to make the connections ample 
and permanent, so that there will not be any liabihty to a 
difference between the current flowing in one secondary winding 
and that flowing through the other. 


Two Phase Connections.—In the case of two phase dis- 
tribution each circuit may be treated as entirely independent 
of the other so far as the transformers are concerned. Two 
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Fics. 1,990 and 1,991.—Mcthods of altering the secondary connections of a transformer having two scetions in the secondary to 
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900 shows the two sections in parallel giving say 100 volts; fig. 1,091 shows the two sce- 


Fig. 1, 


tions in series giving 200 volts. 


obtain a different voltage, 





transformers are used, one be- 
ing connected to one primary 
phase and supplying one 
secondary phase, the other 
being connected to the other 
primary phase and supplying 
the other secondary phase as 
indicated in fig. 1,996, exactly 
as though each primary and 
secondary phase were an or- 
dinary single phase system, in- 
dependent of the other phase. 


Ques. Is the above 
method usually employed ? 


Ans. No, the method shown 
in fig. 1,997 is generally used. 


Three Phase Connections. 
—There is not so much free- 
dom in making three phase 
Jansformer connections, as 
with single or two phase, be- 
cause the three phases are 
inseparably interlinked. How- 
ever, the system gives rise to 
several methods of transformer 
connection, whichare knownas: 

1. Star; 

2. Delta; 

3. Star-delta; 

4. Delta-star. 
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Fics. 1,992 to 1,995.—Three phase transformer connections. Fig. 1,992 delta connection; 
fig. 1,993 star connection; fig. 1,991 delta-star connection; £g. 1.995 star-delta connection. 
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Delta Connection.—In the delta connection both primaries and 
secondaries are connected in delta grouping, as in fig. 1,992. 


Star Connection.—This method consists in connecting both the 
primaries and secondaries in star grouping, as in fig. 1,993. 


Delta-star Connection.—In this method the primaries are con- 
nected in delta grouping and the secondaries in star grouping, as in 
fig. 1,994. 
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Fic. 1,996.—Two phase transformer connections. Two single phase transformers are used 
and connections made just as though each phase were an ordizary single phase system. 


Star-delta Connection.—This consists in connecting the primaries 

in star grouping, and the secondaries in delta grouping, as in fig. 1,995. 

Ques. What advantage has the star connection over 
the delta connection? 


Ans. Each star transformer is wound for only 58% of the 
line voltage. In high voltage transmission, this admits of much 
smaller transformers being built for high pressure than possible 
with the delta connection. 
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Ques. What advantages are obtained with the delta 
connection? 


Ans. When three transformers are delta connected, one 
may be removed without interrupting the performance of the 
circuit, the two remaining transformers in a manner acting in 
series to carry the load of the missing transformer. 
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FiG. 1,997.— Two phase transformer connections, with secondaries arranged for three wire 
distribution, the primaries being independently connected to the two phases. In the 
three wire circuit, the middle or neutral wire is made about one-half larger than each of 
the two outer wires. In fig. 1,996 it makes no difference which secondary terminal of a trans- 
former is connectcd to a given secondary wire, so long as no transformers are used in 
parallel. For example, referring to the diagram, the left hand secondary terminal of 
transformer, A, could just as well be connected to the lower wire of the secondary phase, 
A, and its right hand terminal connected to the upper wire, the only requirement being 
that the two pairs of mains shall not be '* mixed' '; that 1s, transformer, A, must not be con- 
nected with one secondary terminal to phase, A and the other to phase, B. In the case 
shown by fig. 1,997, there is not quite so much freedom in making connections. One 
secondary terminal of cach transformer must be connected to one of the outer wires and 
the other two terminals must be both connected to the larger middle wire of the secondary 
system. It makes no difference, however, which two secondary terminals are joined and 
connected to the middle wire so long as the other terminal of each transformer is con 
nected to an outer wire of the secondary system. 


The desire to guard against a shut down due to the disabling of one 
transformer has led to the extensive use of the delta connection, espe- 
cially for the secondaries or low pressure side. 
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It should be noted that if one transformer be disabled, the efficiency 
of the other two will be greatly reduced. To operate a damaged 
three phase transformer, the damaged windings must be separated 
electrically from the other coils, the damaged primary and secondary 
being respectively short circuited upon themselves. 

Ques. What kinds of transformers are used for three 
phase current? 
Ans. Either a three phase transformer, or a separate single 


phase transformer for each phase. 





Fic. 1,998.—Three wire connections for transformer having two secondary sections on different 
legs of the core. If the secondary terminals be connected up to a three wire distribution, 
as here shown diagrammatically, it is advisable to make the fuse, 2, in the middle wire, 
considerably smaller than necessary to pass the norma! load in either side of the circuit, 
because, should the fuse, 1, be blown, the secondary circuit through the section, Sa, will 
be open, and the corresponding half of the primary winding, Pa, will have a much higher 
impedance than the half of the primary winding, Pb, the inductance of which is so nearly 
neutralized by the load on the secondary winding, Sb. The result will be that the voltage of 
the primary section, Pa, will be very much greater than that of the section, Pb, and asthe 
sections are in series the current must be the same through both halves of the winding; 
the drop or difference of pressure, therefore, between the terminals of Pa will be much 
higher than that between the terminals of Pb, consequently, the secondary voltage of Sb 
will be greatly lowered and the service impaired. As the primary winding, Pa, is designed 
to take only one-half of the total voltage, the unbalancing referred to will subject it to a 
considerably higher pressure than the normal value; consequently, the magnetic density 
in that leg of the transformer core will be much higher than normal, and the transformer 
will heat disastrously. If the fuse, 2, in the middle wire be made, say, one-half the capac- 
ity of each of the other fuses, this condition will be relieved by the blowing of this fuse, 
and as the lamps in the live circuit would not be anywhere near candle power if the circuit 
remained intact, the blowing of the middle fuse will not be any disadvantage to the user 
of the lamps. Some makers avoid the contingency just described by dividing each sec- 
ondary coil into two sections and connecting a section on one leg in series with a section 
on the other leg of the core, so that current applied to either pair of the secondary termi- 
nals will circulate about both legs of the core. 
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nected in delta on both 


d secondary, 


° 


primary an 
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the damaged transformer can be cut out with a minimum amount of 
trouble and the other two transformers can be operated at normal tem- 
perature open delta at 58 per cent. of the normal capacity of the group 
of three transformers, until the third unit can be replaced. 

With a three phase shell type transformer, if both the primary and 
secondary be delta connected, trouble in one phase will not prevent the 
use of the other two phases in open delta. By short circuiting both 
primary and secondary of the defective phase, and cutting it out of 





LOAD 


Fic. 2,003.—Diagram showing three wire secondary connections General Electric (type H) 
transformer. As will be seen, the method adopted consists of distributing equally, on 
each side of the primary coil, both halves of the secondary winding, so that each secondary 
throughout its length is closely adjacent to the entire primary winding. In order to 
insure the exact equality of resistance and reactance in the two secondary windings neces- 
sary to obtain perfect regulation of the two halves, the inside portion of the secondary 
winding on one side of the primary coil is connected in series with the outside portion of 
that on the other side. Asa result, the drop of voltage in either side of the secondary 
under any ordinary conditions of unbalanced load, does not exceed the listed regulation 
drop. This particular arrangement is used because it is the simplest and best method for 
this construction. 


circuit the magnetic flux in that section is entirely neutralized. This 
cannot be done, however, with any but delta connected shell type 
transformers. 

Where a large number of three phase transformers can be used, it is 
generally advisable to install three phase units, the following advantages 
being in their favor as compared with single phase units: 
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Ques. 


three phase transformers? 


Ans. 


. Require less floor space than three single phase units; 
. Weigh less than the single phase units; 
. Simpler’ connections, as only three primary and three secondary 

leads are generally brought out; 
. Transformer presents a symmetrical and compact appearance. 


What is the character of the construction of 


The three phase transformer is practically similar 


to that of the single phase, except that somewhat heavier and 
larger parts are required for the core structure. 


COMPARISON OF AIR BLAST, WATER COOLED, AND OIL COOLED 


Air blast type 


TRANSFORMERS 


Water cooled type 


1. COST 





Oil cooled typ2 








A. First cost 

Necessarily more ex- 
pensive than the water 
cooled type of similar 
rating. 


The installation 1s ex- 
tremely simple. 

Moisture that may 
have collected on the 
surfaces during trans- 
portation or storage 
should be thoroughly 
dried out. 


Least expensive of all 
types. 


Being heavier than 
the air blast type, these 
transformers, as a rule, 
require heavier appa- 
ratusforinstalling. Both 
transformer and tank 
should be thoroughly 
dried out before being 
filled with oil. 

The oil is usually sup- 
plied in 50 gal. her- 
metically sealed steel 
barrels to minimize pos- 
sibility of absorbing 
moisture during trans- 
portation. 


Necessarily more ex- 
pensive than the air 
blast and water cooled 
type of similar rating. 


Being heavier than 
the air blast and water 
cooled type, these trans- 
formers require heavier 
apparatus for installing. 
Both transformer and 
tank should be thor- 
oughly dried out before 
being filled with oil. 
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C. Auxiliary apparatus 

A duct, or chamber, 
of considerable size is 
required under the trans- 
formers in order to con- 
duct the cooling air to 
chem. 

A blower outfit for 
supplying airis required. 


D. Maintenance 

An occasional clean- 
ing, for which a supply 
of compressed air at 
about 20 lb. pressure 
is recommended. 

The blower outfit re- 
quires no more care 
than any other similar 
apparatus. 


In most cases, cooling 
water may be obtained 
with sufficient natural 
head. However, there 
are frequent cases in 
which it can be obtained 
only by the useof pumps. 

A system of piping 
for the cooling water 
and oil drainage is re- 
quired, the cost of which 
depends, of course, on 
the station layout. 


A water pumping out- 
fit would possibly re- 
quire a trifle more at- 
tention than a blower 
outfit in which there 
are no valves or piping. 


2. FLOOR SPACE 


Do not require cool- 
ing water or blower. 


No air or water cir- 
culation to demand at- 
tention. 





Always requires space 
tor cooling apparatus. 


As the transformers 
are Open at the top they 
should not be located 
where there is much 
dust or dirt nor where 
water from anv source 
is liable to fall on them. 


The blower should be 
SO situated as to obtain 
clean dry air of a tem- 


perature not greater 
than 77? Fahr. 


Extra space only re- 
quired when auxilary 
pumping apparatus 1s 
necessary. 


3. LOCATION 


Transformers are com- 
pletely enclosed but lo- 
cation should be such 
that no water will fall 
on leads or bushings. 


Location of auxiliary 
apparatus will depend on 
the station layout. 


Only require space 
for the transformer as 


‘no extra apparatus is 


necessary. 


Transformers are com- 
pletely enclosed but lo- 
cation should be such 
that no water will fall 
on leads or bushings. 

The building should 
be well ventilated. 

There is no auxiliary 
apparatus. 


—  — I@———s— SS 
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4. GENERAL APPEARANCE 


Terminal leads may 
be located in the base 
and the air chamber 
may be used for con- 
ducting and distributing 


Leads are brought out 
of the top of the trans- 
formers. 

Water cooling pipes 
are connected at the top 





Leads are brought out 
of the top of the trans- 
formers. 


the connecting wiring. in most cases. 
The absence of over- 

head wiring aids in sim- 

plifying the appearance 

of the station. 


€ _x_ »€£E  — -U — — - — — — 


5. OPERATION 


— 


Equal reliability in all three types. 

While full load efficiencies are practically equal in the three designs, it 
is necessary to change the proportion of iron and copper losses somewhat as 
the copper loss of the air blast transformer is a smaller part of its total loss 
than of the water cooled and oil cooled types. As a result, the regulation of 
the air blast transformer is a trifle better. 





6. GENERAL 


TT 


The above information regarding selection of type is not applicable to 
air blast transformers for circuits materially in excess of 33,000 volts. 

On account of the great thickness of the solid insulation needed and the 
consequent difficulty in radiating heat from the copper, it is impracticable 
to design the air blast type for more than this voltage. The oil immersed 
designs are therefore recommendcd for transformers above 33,000 volts. 

Both oil cooled and water cooled types are available for all voltages, 
being restricted in this respect only by the limitations of transmission facilities. 





Ques. How are transformers connected for four wire 
three phase distribution? 


Ans. When the secondaries of three transformers are star 





NOTE.—No special foundations are necessary for agv tvoe of ^ransformer other than a 
good. even Loor, having sufficient svrenptn vo support tne weight. 
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cent. of the voltage 
between any two main 
wires. For general dis- 
tribution this system 
is desirable, requiring 
less copper and greater 
flexibility than other 
systems. 


Three phase 200 
volt motors may be 
supplied from the 
main wires and 115 
volt lamps connected 
between each of the 
three main wires and 
the neutral; if the 
lamp load be very 
nearly balanced the 
current flowing in the 
neutral wire will be 
very small, as in the 
case of the ordinary 
three wire direct cur- 
rent system. 


NOE e 
£55 ¿2 connected, a fourth 
33d 22  Wiremay be run from 
252 “E the neutral point, 
r*- e esi: 
233 13 thus obtaining the 
= 2 c . 
S22 yz four wire system. 
g = 2 5 
= 2 
372 EE The voltage between 
a e any main wire and the 
=o 3 neutral will be 57 per 
5 
= 
2 


, wliich includes à very sina 
The manufacturers’ tabulated statements refer to a definite 
1) 
dio 


upon the core fuss. 


Re 
Lud 
5 
o 
— 
< 
z 


e transformer bring the applied. volt 


quency, 


Connect voltmeter and wattmeter as shown in the 
.uence 


The wattmeter indicates directly the core loss 


By means of a variable voltay 


How to Test 
Transformers.— 
The troubies incident 
tO gas or water serv- 
ice have their par- 
allds in  electrie 
power distribution. 

Companies engaged 


Make sure of the voltage and frec 


Method of determing core loss. 





voltage and frequency and these have a decided ini 


transformer is designed. 
during the test, 


in the copper. 


side of the transformer. 
Cautions, 


Fic. 2,012, 
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Fic. 2,015.— Wagner central station core type transformer repair unit consisting of one half set o1 pnmary and secondary windings together 


us 


with the section of the iron core upon which the coils are wound. 


the poles. Perhaps he feels that 
this waste is so slight that it 
makes no material difference. 
This can be readily ascertained 
by means of a set of testing in- 
struments. 


Perhaps the transformers 
were purchased because of 
their attractive prices and 
never tested. 


Water, plumbing, gas and 
steam fittings are subjected 
to test. Why not trans- 
formers? Even more so be- 
cause transformers take con- 
stant toll from the company 
instaling them, while gas 
and water fittings, once 
passed, are off the con- 
tractor's hands. 


The busy manager has little 
time for complicated treatises 
and monographs on electrical 
measurements and even hand- 
books confront him with 
forbidding formule. Accord- 
ingly the methods of trans- 
former testing, which are very 
simple, are illustrated ir the 
accompanying cuts.  Man- 
agers of electric power and 
lighting companies should 
study them carefully. 
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An ammeter, voltmeter and wattmeter are required to make 
the tests. Losses are small in good transformers and hence the 
instruments should be accurate. For the same reason in- 
struments should be chosen of the proper capacity to give their 
best readings. If there be any doubt about the testing instru- 
ments being correct, they should be calibrated before being 








Fic. 2,016.—Moloney tubular air draft oil filled transformer. The case is made of cast iron, 
with large steel tubes passing from the bottom through the top. In operation the air in 
the tubes becames hot and expands; a draft is thus produced which carries away con- 
siderable heat. 


used. The testing circuits should be properly fused for the 
protection of the instruments. It is hardly logical, but a very 
common practice is to mistrust meters and towatch them closely, 
while the transformers are guilty of theft unchallenged, and 
sep busily at it on a large scale. 
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Transformer Operation with Grounded Secondary.— 
The operation of a transformer with a grounded secondary has 
been approved by the American Institute of Electrical Engineers, 
and by the National Board of Fire Underwriters. 

This method of operation effectually prevents a high voltage 
occurring upon the low tension wires in case of a breakdown or 
other electrical connections occurring between the primary and 
secondary windings. 





Fic. 2.017.—Moloney pressure transformer adapted for switchboard work in connection with 
voltmeters, wattmeters, etc., in sizes from 25 to 500 watts. 


In case of a breakdown without the secondary grounded, 
any one touching a part of the low tension system, such as a 
lamp socket, might receive the full high pressure voltage. With 
the low tension grounded, the fuse in the high tension circuit 
will blow and the fault be discovered upon replacing it. 
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Transformer Capacity for Motors.—The voltage regulation 
of a well designed transformer is within 3 per cent. of its rated 
voltage on a non-inductive load such as incandescent lamps, 
but when motors are connected to the circuit their self-induction 
causes a loss of 5 per cent. or more, and if the load be fluctuating, 
it is better to use independent transformers for the motor, which 
will prevent considerable fluctuations in the incandescent lamps. 
Arc lamps do not show slight voltage changes as much as in- 
candescent lamps. The proper rating of transformers for two 
phase and three phase induction motors is given in table on 
the next page. 





Fic. 2,018.—Moloney current transformer switchboard or indoor type. It is used ordinarily 
for insulating an ammeter, a current relay, the current coil of a watt meter or watt hour 
meter from a high tension circuit, for reducing the line current to a value suitable for 
these instruments. 


A three phase induction motor may be operated from three 
single phase transformers or one three phase transformer. While 
the one three phase transformer greatly reduces the space and 
simplifies the wiring, the use of three single phase transformers 
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is more flexible and, in case one transformer burns out, the con- 
nection can be readily changed so that two transformers will 
operate the motor at reduced load until the burned out trans- 
former is replaced or repaired. 


2080 V. = 2s0 V. 
. = V 

2080 V E 
Fic. 2,019.— Diagram showing a method of operating a three phase motor on a two phase 
circuit, using a transformer having a tap made in the middle of the secondary winding. 
so as to get the necessary additional phase. While this does not give a true balanced 
three phase secondary, it 1s close enough for motor work. In the above arrangement, the 


main transformer supplies 54 per cent. of the current and the other with the split winding 
46 per cent. 


TWO-PHASE 
THREE-PHASB 


It is well to allow one kilowatt per horse power of the motor in 
selecting the size for the transformers, exeepting in the small 
sizes when a little larger kilowatt rating is found to be the most 
desirable. 

Transformers for Two and Three Phase Motors 


Single phase transformer voltages 








Delivered 
voltage of 110 volt motor 220 volt motor 
circuit — —  — i 
Primary Secondary Primary Secondary 
1,100 1,100 122 1,100 244 
2,200 2,200 122 24200 244 





m— 


Very small transformers should not be used, even when the 
motor is large compared to the work it has to do, as the heavy 
starting current may burn them out. 


The following tables give the proper sizes of transformer for 
thrce types of induction motor and the approximate current 
taken by three phase induction motors at 220 volts. 
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Capacities of Transformers for Induction Motors 


Kilowatts per transformer 


Size of motor Two single Three single One three 
horse power phase phase phase 
transformers transformers transformer 
1 0.6 0.6 
2 1-5 1.0 2.0 
3 2.0 15 3.0 
5 3.0 2.0 5.0 
7 4.0 3.0 7.5 
10 5.0 4.0 10.0 
15 1.0 5.0 15.0 
20 10.0 1.5 20.0 
30 15.0 10.0 30.0 
50 25.0 15.0 50.0 
75 40.0 25.0 75.0 
100 50.0 30.0 100.0 


Current taken by Three Phase Induction Motors at 220 Volts 





— — 


Horse power | Approximate full Horse power Approximate full 
of motor load current of motor load current 
1 3.2 20 50: 
2 6.0 30 75. 
3 9.0 50 125. 
5 14.0 o 185. 
10 21.0 100 250. 
15 40.0 150 370. 





Transformer Connections for Motors.—Fig. 2,020 shows 
the connection of a three phase so called delta connected trans- 
former with the three primaries connected to the lines leading 
from the alternator and the three secondaries leading to the 
motor. 

The connections for a three phase motor using two trans- 
formers is shown in fig. 2,021 and is identical with the previous 
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arrangement, except that one transformer is left out and thc 
other two made correspondingly larger. 

The copper required in any three wire three phase circuit for 
a given power and loss 1s 75 per cent. that necessary with the 
two wire single phase or four wire two phase system having the 
same voltage between lines. 


SENERATOR : MOTOR 


Fio. 2.070.-—Three phase rznoior transtormer connections; the so-called Delta connected 
transformers. 


The connections of three transformers for a low tension 
svstem of distribution by the four wire three phase system are 
shown in fig. 2,022. The three transformers have their primaries 
joined in delta connection and the secondaries in “Y” con- 


GENERATOR : MOTOR 


P1G. 2,021.—Three phase motor connections using two transformers. 


nection. The three upper lines of the secondary are the three 
main three phase lines, and the lowest line is the common neutral. 


The voltage across the main conductors is 200 volts, while that 
between either of them and the neutral is 115 volts; 200 volt motors 
should be joined to the mains while 115 volt lamps are connected 
between the mains and neutral. The arrangement is similar to the 
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Edison three wire system and the neutral carries current only when the 
lamp load is unbalanced. 

The voltage between the mains should be used in calculating the 
size of wires, and the size of the neutral wire should be made in pro- 
portion e each of the main conductors that the lighting load is to the 
total load. 


GENERATOR 


I l í 
200V ?00Y. 
i 1 


I l 
NEV. IBY. HSV 
! I 





Fic. 2,022.—-Delta-star connection of three transformers for low pressure, three phase, four 
wire system. 


When lights only are used the neutral should be the same as the 
main conductors. The copper required in such a system for a given 
power and loss is about 33.3 per cent. as compared with a two wire single 
phase system or a four wire two phase system using the same voltage. 


GENERATOR 
MOTOR 





Fic. 2,023.—-Diagram of transformer connections for motors on the monocyclic system. 


Monocyclic Motor System.—Motors on the monocyclic 
system are operated from two transformers connected as shown 
in fig. 2,023. In the monocyclic system the single phase current 
is used to supply the lighting load and two wires only are nec- 
essary, but if a self-starting induction motor be required, a third 
or feaser wire is brought to the motor and two transformers used, 
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The teaser wire supplies the quarter phase current required 
to start the motor, which afterwards runs as a single phase 
synchronous motor and little or no current flows through 
the teaser circuit as long as the motor keeps in synchronism; 
in case it fall behind, the teaser current tends to bring 1t up 
to speed instead of the motor stopping, as would be the case 
of a single phase motor. 





Fic. 2,C24.—Moloney flaming auto type arc lamp transformer for 110 volts primary to 55 
volts secondary. A hook in bottom of case provides means for suspension of lamp. The 
transformer may be operated on circuits from 100 to 120 volts pnmary, 50 to 60 volts 
secondary. The secondary capacity is 8 to 12 amperes. 


The voltage of the transformers should be tested by means of 

a voltmeter or two incandescent lamps joined in series, before 
starting up the motor, to see if the proper transformer con- 
nections have been made and prevent an excessive flow of current. 
If one of the transformers be reversed the voltage will be almost 


doubled; in fact, itis a good plan to check up all the transformer con- 
nections with the voltmeter or lamps which will often save a burn out. 
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Fics. 2,025 to 2,029.—Diagrams of Wagner transformer connection board, and table showing 
various arrangements of the terminal links, corresponding transformation ratios, and 
suitable primary voltages. 
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Fic. 2,030.— Installation of a transformer on pole; view showing method of attachment and 
disposition of the primary and secondary leads, cutouts, etc. 


R T 





Fic. 2,031.—Diagram of static booster or regulating transformer. It is used for regulating 
the pressure on feeders. In the figure, B are the station bus bars, R the regulable trans- 
former, F the two wire feeders, and T a distant transformer feeding into the low pressure 
three wire distributing network N. The two ends of the primary, and one end of the 
secondary of R, are connected to the bus bars as shown. The other end of the secondary, 
as well as a number of intermediate points, are joined up to a multiple way switch 5, 
to which one of the feeder conductors is attached, the other feeder main being connected 
to the opposite bus bar. As will be evident from the figure, by manipulating S extra 
volts may be added to the bus bar pressure at will, and the drop along F compensated for. 

is a step transformer. the total secondary difference of pressure being comparatively 
small. The above device possesses rather serious drawbacks, in that the switch S has 
to carry the main current, and that the supply would be stopped if the switch got out of 
ordcr. Kapp improved on the arrangement by putting the switch in the pirmary circuit. 
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CHAPTER LIII 
CONVERTERS 


The alternating current must change to a direct current in 
many cases as in railroad work because the induction motor is 
not so satisfactory as the direct current series motor and the 
alternating current series motor is slow in coming into general use. 


In all kinds of electrolytic work, transformation must be made, 
and in many cities where the direct current system was started, 
it is still continued for local distribution, but the large main 
stations generating alternating currents and frequently located 
some distance away from the center of distribution have replaced 
a number of small central stations. 

Transformation may be made by any of the following methods: 

1. Rotary converters; 

2. Motor generator sets; 

. *Mercury vapor rectifiers; 
. *Electrolytic rectifiers. 

Strictly speaking, a converter îs a revolving apparatus for con- 
verting alternating current into direct current or vice versa; it is 
usually called a rotary converter and is to be distinguished from 
the other methods mentioned above. 


Ha 0 


Broadly, however, a converter may be considered as any 
species of apparatus for changing electrical energy from one form 
into another. 


* NOTE.—Rectifers are explained in detail in Chapter LIV. 
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According to the standardization rules of the A. I. E. E. 
converters may be classified as: 


1. Direct current converters; 
2. Synchronous converters; 
3. Motor converters; 

4, Frequency converters; 

5. Rotary phase converters. 
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Fics. 2,032 and 2.033.—Gramme ring dynamo and alternator armature; illustrating converter 
operation. The current generated by the dynamo is assumed to be 100 amperes. Now, 
suppose, an armature similar to fig. 2.032 to be revolvingin a similar field, but let its wind- 
ings be connected at two diametrically opposite points to two slip rings on the axis, as In 
fig. 2,032. If driven by power, it will generate an alternating current. As the max 
mum voltage between the points that are connected to the slip rings will be 100 volts, 
and the virtual volts (as measured by a voltmeter) between the rings will be 70.7 (= 100 
= 2), if the power applied in turning this armature is to be 10 kilowatts, and if the cir- 
cuit be non-inductive, the output in virtual amperes will be 10,000 +70.7 = 141.4. If the 
resistances of each of the armatures be negligibly small, and if there be no frictional or 
oiher losses, the power given out by the armature which serves as metor will just suffice 
to dzive the armature which serves as generatbr. If both armatures be mounted on the 
same shaft and placed in equal fields, the combination is a motor dynamo. _ In actua] ma- 
chines the various losses are met bv an increase of current to the motor. Since the arma- 
tures are identical, and as the similarly placed windings are passed through identical mag- 
netic fields, one winding with proper connections to the slip rings and commutator will do 
for both. In this case only one field is needed; such a machine is called a converter. 


A direct current converter converts from a direct current to a 
direct current. 

A synchronous converter (commonly called a rotary converter) 
converts from an aliernating current to a direct current. 

A motor converter is a combination of an induction motor with a 
synchronous converter, the secondary of the former feeding the arma- 
ture of the latter with current at some frequency other than the im- 
pressed frequency; that is, it is a synchronous converter in combination 
with an induction motor. 
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A Frequency Converter (preferably called a frequency changer) 
converts alternating current at one frequency into alternating current 
of another frequency, with or without a change in the number of phases 
or voltages. 


A Rotary Phase Converter changes alternating current of one or 
more phases into alternating current of a different number of phases, 
but of the same frequency. 
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f'3c. 2,034.— Diagram of ring wound single phase rotary converter. Itis a combination of a 
synchronous motor and a dynamo. The winding is connected to the commutators in 
the usual wav, and divided into two halves by leads connecting segments 180° apart 
to collector rings. A bipolar field is shown for simplicity; in practice the field is multi- 
polar and energized by direct current. 


Rotary Converters.— The synchronous or rotary converter 
consists of a synchronous motor and a direct current generator 
combined in one machine. It resembles a direct current gen- 
erator with an unusually large commutator and an auxiliary 
set of collector rings. 
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Ques. In general, how does a rotary converter operate? 
Ans. On the collector ring side 1t operates as a synchronous 
motor, while on the commutator side, as a dynamo. 


Its design in certain respects is a compromise between alternating 
current and direct current practice most noticeably with respect to the 
number of poles and speed. 

Ques. Upon what does the speed depend? 


Ans. Since the input side consists of a synchronous motor, 
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Fic. 2,035.—Di of two phase rotary converter. This is identical with the single phase 
machine with the exception that another pair of collector rings are added, and connected 
to points on the winding at right angles to the first, giving four brushes on the alternat- 
ing side for the two phase current. The pressure will be the same for each phase as in 
the single phase rotary. Neglecting losses the current for each phase will be equal to 
the direct current X 1 «4 42-2direct current. X .707. 


the speed is governed by the frequency of the alternating current 
supplied, and the number of poles. 
Fig. 2,034 is a diagram of a ring wound rotary converter. This style 


winding is shown to simplify the explanation. In practice drum wound 
armatures are used, the operation, however, is the same. 
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With this simple machine the following principles can be demon- 
strated: 

1. If the coil be rotated, alternating currents can be taken fiom the 
collector rings and it 1s called an alternator. 

2. By connecting up the wires from the commutator segments, a 
direct current will tlow in the external circuit making a dynamo. 

3. Two separate currents can be taken from the armature, one supply- 
ing alternating current and the other direct current; such a machine is 
called a double current generator. 





FIG. 2,036.— Diagram of three phase rotary converter. In this type, the winding is tapped at 
three points 120? distant from each other, and leads coanected with the corresponding 
commutator segments. 


4. If a direct current be sent in the armature coil through the com- 
mutator, the coil will begin to rotate as in a motor and an alternating 
current can be taken out of the collector rings. Such an arrangement 
is called an inverted rotary converter. 


5. If the machine be brought up to synchronous speed by external 
means and then supplied with alternating current at the collector rings, 
then if the direction of the current through the armature coil and the 
pole piece have the proper magnetic relation, the coil will continue to 
rotate 1n synchronism with the current. A direct current can be taken 
from the commutator, and when used thus, the machine is called simply 
a rolary converter. 
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Fics. 2,037 to 2,041. — Various 
rotary converter and transformer 
connections. Fig. 2.037 two 
phase connections; fig. 2,035 
three phase delta connections; 
fig. 2,039 three phase Y or Star 
connections; fig. 2.040 six phase 
delta connections; fig. 2,013 six 
phase Y connections. 
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Ques. What is the relation between the impressed 
alternating pressure and the direct pressure at the com- 
mutator? 


Ans. The ratio between the impressed alternating pressure 
and the direct current pressure given out is theoretically constant, 
therefore, the direct pressure will alwavs be as 1 to .707 for 
single phase converters or if the pressure of the machine used 
above indicate 100 volts at the direct current end, it will indicate 
10.7 volts at the alternating current side of the circuit. 


Ques. Name two different classes of converter. 
Ans. Single phase and polvphase. 


Ques. What is the advantage of polyphase converters? 


Ans. In the majority of cases two or three phase converters 
are used on account of economy of copper in the transmission 
hne. 


Ques. How is the armature of a polvphase converter 
connected? 


Ans. Similar to that of an alternator with either delta or 
Y connections. 


Figs. 2,037 to 2,041°show various converter connections between the 
collector rings and commutator. 

Fig. 2,037 indicates how the armature is tapped for two phase con- 
nections. 

Fig. 2,038 shows three phase delta connections, and fig. 2,039 the 
three phase Y or star connections. 

Six phase delta and Y connections are frequently used as shown in 
fig. 2,040 and fig. 2,041, both of which require two secondary coils in 
the transformer, one set of which is reversed, so as to supply the current 
in the proper direction. 


Ques. With respect to the wave, what is the relation 
between the direct and alternating pressures? 

Ans. The direct current voltage will be equal to the crest 
of the pressure wave while the alternating voltage will depend 
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on the virtual value of the maximum voltage of the wave accord- 
ing to the connections employed. 


In a single phase rotary, the value of the direct pressure 1s 1 to .707, 
therefore a rotary which must supply 600 volts direct current must be 
supplied by 60€ X.707 —421 volts alternating current. For three phase 
rotaries the ratio is 1 to .612, or in order to produce 600 volts direct 
current, 600X.612=367 volts on the alternating current side of the 
rotary is required. 





Aic. 2,012.— Westinghouse rotary converter armature coils. These are wound from bar 
copper and are interchangeable. The armature coils are heavily insulated to withstand 
the tests specified in the standardization rules of the American Institute of Electrical 
Engineers 


Fig. 2,034 shows a complete diagram of the electrical connections. 
.\ single phase rotary is illustrated so as to simplify the wiring. 


The table of Steinmetz on page 1,464 gives the values of the alter- 
nating volts and amperes in units of direct current. 


Ques. How is the voltage of a rotary varied on the 
lirect current side? 


Ans. Pressure or potential regulators are put in the high 
tension alternating current circuit and may be regulated by small 
motors operated from the main switchboard or operated by hand. 
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Ques. Whatis the advantage of unity power factor foi 
rotary converters? 


Ans. It prevents overheating when the rotary 1s delivering 
its full load in watts. 


Ques. What greatly influences the power factor of tbe 
high tension line? 


Ans. The strength of the magnetic field. 





Fic. 2,043. —Westinghouse rotary converter armature spider. It is made of cast iron or cast 


steel. The dovetail grooves are machined in the feet or ends of the arms and in these 


slots the laminations forming the armature coll! engage. 


Ques. Does variation of the field strength materially 
affect the voltage? 


Ans. No. 


Since variation of the field strength does not materially affect the 
voltage, by adjusting the resistance in series with the magnetic circuit, 
the strength of the field can be changed and the power factor kept 1 
or nearly 1 as different loads are thrown on and off the rotary. 


Ques. What is the effect of a fieid too strong or too 
weak? 


Ans. If too strong, a leading current is produced, and if too 
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weak, the current lags, both of which reduce the power factor 
aud are objectionable. 
Usually there 1s a power factor meter connected up in the main gener- 


ating station and one also in the rotary substation, and it is the dutv of 
the attendant at the substation to maintain the proper power factor. 


Ques. What is the ordinary range of sizes of rotaries? 
Ans. From 3 kw. to 3,000 kw. 





Fic. 2,044.—Equalizer connections of Westinghouse rotary converter. The armature coils 
are cross connected at points of equal voltage and taps are led out from the winding at 
suitable points to the slip rings. This construction insures a uniform armature saturation 
below each pole piece and eliminates one cause of sparking at the commutator. 


Ques. What is the general construction of a rotary 
converter. 


Ans. It is built similar to a dynamo with the addition of 
suitable collector rings connected to the armature windings at 
points having the proper phase relations. 


Standard rotary converters have been developed for 25 and 60 cycles. 
The standard railway machines are compound wound, the series field 
being designed for a compounding of 600 volts at no load and full load 
when supplied from a source of constant pressure with not more than 10 
per cent. resistance drop and with 20 to 30 per cent. reactance in the cir- 
cuit. The large size machines are usually wound for six phase operation. 
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Compounding of 
Rotary Converters. 
—Compounding is de- 
sirable where the load 
is variable, such as 1s 
the case with inter- 
urban railway sys- 
tems. The purpose of 
the compounding is to 
compensate automati- 
cally for the drop due 
to line, transformer, 
and converter impe- 
dance. 

On account of the 
low power factor 
caused by over com- 
pounding, and the 
fact that substations 
are customarily con- 
nected to the trolley 
at its nearest point 
without feeder re- 
sistance, over com- 
pounding is not 
recommended. An 
adjustable shunt to 
the series field is 
provided with each 
machine. 

Shunt wound con- 
verters are satisfac- 
tory for substations in 
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large cities and similar installations where due to the larger 
number of car units demanding power, the load 1s more nearly 
constant. 


Ratio of Conversion.— The relation between the alternating 
and direct current voltages varies slightly in different machines, 





Fic. 2.047.— Westinghouse rotary converter brush rigging showing method of bracing the 
brushes. The brushes are supported by a rigid cast iron rocker ring which fits accurately 
in the frame. A handwheel worm and screw arrangement for shifting the brushes 1s 
provided. Cast iron arms bolted to, but insulated from the rings, carry the rods on which 
the brush holders are mounted. Brush holders are of brass cast in one piece, of the sliding 
type and have braided copper shunts. Brush tension is adjustable. 


due to differences in design. The best operating conditions 
exist when the desired direct current voltage is obtained with 
unity power factor at the converter terminals when loaded. 
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pole rotary converter. The construction details 
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are substantially the same as for the railway converter, with exception of the commutating 
poles, The application of commztatrg pole converters is parncularly desirable where 
epe requirements suth as great overload capacity or large capacity an i low voltage 
ezable them to show to the greatest advantage. Commutating poles as apphed to rotary 
€ mers fui the same funcuions as in the more familiar apphcations to dymamos and 
meters. That is, the commmtating pole imsures_ sparkless commutation from no Joad 
20 heary overioads with a fixed bresh position. Brush shifting devices are mot furnished 
On commutaumg pole converiers. Commrtsting pole rotary converters for railway 
service are normaly arranced for automatic compounding which is efected by the proper 
cembinatica of series excitation and indu ctance between the generator and the rotary 
convenir. This méuctacce is normally 11 Jed in the transformer but in special cases 
sar te perlr ira valore? and party na separate reaciance. Itis possit le to pro- 
zœ by ths means a slizht increase 1m the direct current vo. tage provi ded tbe voltage 
Grop in the a ternating current Exe be not excessive. Usually it is so as rranged tha: the 
compout Ging that caa be chiaized is just su@ciert to overcome the alternating current 
Line + ge Grep. The stacdard Westinghouse methc E of starticg is a) ternating current 
séii-tariing. Wath this method of sef-siariing, the brushes of a commutatimg pole rotary 
converter must be bt ion the cocmvetatoz duong the starting operation to prevent 
sparíicrg. A mecharical device, as shown in fig. 2.050, is provided which accomplishes 
<3s. Wnk direc: current or motor startimg a brush liftwig Gevice is not necessary. 
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Ques. Upon what does the ratio of conversion depend? 


Ans. Upon the number of phases and method of connecting 
the windings. 


For single phase or two phase machines it is 1 to .7; for three phase, 
1 to .612, or six phase, 1 to .7 or 1 to .613 depending upon the kind 
of connection used for the transformer. : 

For example, a two phase rotary receiving alternating current at 426 
volts will deliver direct current at 600 volts, while a three phase rotary 
receiving alternating current at 367 volts will deliver direct current at 
600 volts. 





Fic. 2,049.—Commutating pole of Westinghouse commutating pole rotary converter. The 
commutating poles are similar in general construction to the main poles. The coils are 
of bare copper strap wound on edge. Ventilating spaces are provided between the pole 
and coil and between turns. The copper winding is bare except for a few turns at each 
end. Insulating bolts retain the turns in their proper position. 


Ques. What difficulty would be encountered if other 
ratios of conversion than those given above were required ? 


Ans. An armature with a single winding could not be used. 


It would be necessary to use a machine with two distinct armature 
windings or else a motor generator set. 


Ques. What change in voltage is necessary between a 
converter and the alternator which furnishes the current? 


Ans. The voltage must be reduced to the proper value by a 
step down transformer. 
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Voltage Regulation.—As the ratio of the alternating to the 
direct current voltage of a converter is practically constant, 
means must be provided to compensate for voltage variation 
due to changes of load in order to maintain the direct current 
pressure constant. 

There are several methods of doing this, as by: 





Fic. 2,050.—Westinghouse brush lifting device for commutating pole rotary converter. A 
rack is attached to each brush as shown. Into this rack the spring hinged lifting hook 
of the raising device engages only when the lifting lever is shifted toward the ratsea posi- 
tion. The lifting arrangement is independent of the brushes during normal running, 
so it can in no way affect the operation of the machine. Each brush ıs merely raised and 
lowered within its own holder so the brush position or commutation is not altered. 


1. Shifting the brushes (objectionable); 
2. Split pole method; 

3. Regulating pole method; 

4. Reactance method; 

5. “Multi-tap” transformer method. 

6. Synchronous regulator. 
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pole is split into three sections and provid 
t mmutator voltage is at its highest value; > d a 
The change in commutator voltage for constant collector ring voltage is in 


f rotary converters that the ratio of these two voltages is a function of the width of the pole arc. 
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Fics. 2,051 to 2,053.—Woodbridge split pole rotary converter. 
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=: Shifting the Brushes.—Were 
Ez it not for the difficulties encount- 
2 ered, this would be a most con- 
= venlent method of voltage 
2 


4052, 


When excited as in fig. 2 
2.053, the commutator voltage 1s low. 


as indicated in fig. 2,051. 
virtue of the property o 


in fig. 


regulation, since by this proced- 
ure the direct current voltage 
may be varied irom maximum 
to zero. It is, however, not 
practical because of the excessive 
sparking produced when the 
brushes are shifted out of the 
neutral plane. 


Split Pole Method.—In order 
to overcome the difficulty en- 
countered in shifting the brushes 
the split pole method was devised 
by Woodbridge in which each 
field pole is split into two or 
three parts. 

The effect of this is the same 
as shifting the brushes except that, 
no sparking results. 

The other part is arranged so 
that its excitation may be varied, 
thus shifting the resultant plane 
of the ficld with respect to the 
direct current brushes. 

One of these parts is perma- 
nently excited and it produces 
near its edge the fringe of field 
necessary for sparkless commuta- 
tion. 
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Regulating Pole Method.—As applied to the rotary con- 
verter regulating poles fulfill the same functions as commutating 
or interpoles (see page 385) on motors and dynamos, that is, 
they insure sparkless commutation from no load to heavy over- 
loads with a fixed brush position. 





Fic. 2,054.—General Electric regulating pole rotary converter. The field structure is divided 
into two parts, a main pole and a regulating pole. The ratio between the voltages on 
the direct current and alternating current sides may be readily vaned by varying the 
excitation of the regulating poles, the only auxiliary apparatus required being a field 
rheostat for controlling the exciting current. Where automatic regulation is required, 
machines may be provided with compound windings, or automatic field regulators may 
be used responsive to either voltage or current. These converters are adapted for a 
variety of purposes where a variable conversion ratio is required, either to maintain con- 
stant D. C. voltage with varying A. C. voltage or to vary the D. C. voltage as required. 
Converters may be operated inverted where it is required to furnish constant or variable 
A. C. voltage from a D. C. source. Where converter and inverted converter operation 
are desired, an opposite direction of rotation is required for the inverted operation. 
Converters of this type are built in capacities from 300 kw. up to 3,000 kw., and con- 
structed to give a voltage range between 240 and 300 volts, to cover the usual lighting 
circuit requirements. In design, they are similar to standard rotary converters, with 
the exception that the regulating poles are located next to the main pole pieces and à 
slightly different form of pole piece bridge is used for the main poles, in order to allow 
the auxiliary poles to be readily removed or assembled. 
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The regulating poles are used in order to vary the ratio be- 
tween the alternating current collector rings and the direct 
current side without the use of auxiliary apparatus such as 
induction regulators or dial switches which involve complicated 
connections and many additional wires. The regulating poles 
are arranged with suitable connection so that the current through 
them can be raised, lowered or reversed. 





Fic. 2,055.— Detail of Westinghouse commutating pole rotary converter brush, showing rack. 
The brush lifting mechanism and its operation is explained in fig. 2,050. 


The characteristics of the regulating pole converter being 
novel, a detailed explanation of the principles involved is given 
to facilitate a clear understanding of its operation. 


Consider a machine with a field structure as shown in fig. 2,056 re- 
sembling in appearance a machine with commutating poles, but with 
the brushes so set that one of the regulating poles adds its flux to that of 
one main pole, cutting the inductors between two direct current 
brushes. The regulating pole is shown with a width equal to 20 per cent. 
of that of the main pole. 


To obtain definite figures, it will be assumed that the machine at 
normal speed, with the main poles excited to normal density, but with 
no excitation on the regulating poles, gives 250 volts direct current 
pressure. Then with each regulating pole excited to the same density 
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as the main poles, and with a polarity corresponding to that of the 
main pole in the same section between brushes, the direct current 
pressure will mse to 300 volts at the same Speed, simce the total flux 
cutting the inductors in one direction between brushes has been increased 
20 per cent. 

it, on the other hand, the excitation of the regulating poles be reversed 
and increased to the same density as that of the main poles, the direct 
current pressure w fall to 290 volts, since in this Case the regularing 
poles give a reverse pressure, that is, a pressure opposing that generated 
by the main poles. 

Now, i the machine be equipped with collector rings, that is, if it 





Pic. 20°.—Diagram of Seld of regulating pole converte: Clustrating principles explained ia 
¡he AZOONMIJES IES TEXT. 


be a converter, ihis merhod of varying the direct current voltage from 
200 to 300 volts does mui give nearly as great a vanation of the alter- 
nating current voltage; in fact, the latter voltage will be the same when 
Arvering 200 volts es when delivering 300 volts direct current pressure, 
if the held excitation be the same. 

This mav be scen by reference to fig. 2.057, which is a diagram of the 
altecenating current vohaze developed in the armature windings by the 
two sets of poles. 

The horizontal line OA represents the alternating current voltage 


NOTE.—In the Behean siit pie retary convener, each pole is divided into only two 
sections, ome larger than the other. A maim sbust wiedene is esrameed on the large sections, 
amd a winding or promdiag the voltage rerulation is placed on the otber section. When the 
Cuento is seat through thos letters madimng in one direcion the voltage is raised, when in the 
Cte dieron ie vulzge is lowered, 
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generated by the main poles, alone, with the regulating poles unexcited, 
shat is, when delivering 250 volts direct current pressure. 

For a six phase converter OA measures about 180 volts diametrically, 
chat is, between electrically opposite collector rings. 

If now the regulating poles be excited to full strength, to bring the 
direct current pressure up to 300 volts, the alternating current voltage 
generated by the regulating poles will be 90 degrees out of phase with 
that generated by the main poles (since they are placed midway between 
the main poles), and will be about 40 volts as shown by the line AB, 

The resultant alternating current volts across the collector rings will 
be represented by the line OB with a value equal to 184. 

Again, if the regulating poles be reversed at full strength, to cut the 
direct current pressure down to 200 volts, the alternating current voltage 
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Fic. 2,057.—Voltage diagram for regulating pole converter illustrating principles explained 
in the accompanying text. 


of the main and regulating poles will be OA and AC respectively, giving 
the resultant OC equal to OB with a value of 184 volts. Accordingly, 
the direct current pressure may be either 200 or 300 volts with the same 
alternating current pressure, and if the main field be kept constant, 
the direct current pressure may range betwcen 200 or 300 volts, while 
the alternating current pressure varies only between 180 and 184 volts. 

The alternating current pressure can be kept constant through the 
full range of dircct current voltage by changing the main ficld so as 
always to give an equal and opposite flux change to that of the regu- 
lating ficld. A constant total flux may thus be obtained equal to the 
radius of the arc BC, fig. 2,057. In this case the line OA, representing 
the main field strength, will equal OB when the regulating field is not 
excited, and 250 volts can only be obtained at this adjustment. 

This method of operation gives unity power factor with a constant 
impressed pressure of 181 volts alternating current with a range of direct 
current voltage from 200 to 300 volts. 
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Fics. 2,058 and 2,059.—Diagrams illustrating the effect on the alternating current voltage 
due to varying the regulating field strength (of a machine proportioned according to 
fig. 2,060), from a density equal to that in the main poles to the same density reversed, 
the main field strength remaining constant. The D. C. voltage in this case varies from 
30 per cent. above that produced by the main field alone to 30 per cent. below, or from 
325 to 175 volts, while the A. C. voltage varies only from 200 to 175 volts To keep 
the A. C. voltage constant with such a machine the main field must be strengthened as 
the regulating field is weakened or reversed toreducethe D. C. voltage. This strengthening 
increases the core loss particularly on low direct current voltages, which however, are rarely 
required, hence a machine proportioned as in fig. 2,060, would not be operated through 
so wide a range as 175 to 325 volts. Assume that the range is 240 to 300 volts, and that 
at the highest voltage, both main and regulating fields have the same density, presenting to 
the armature practically one continuous pole face of uniform flux intensity. The dia- 
gram of A. C. component voltages to give constant A. C. resultant voltage across the 
rings for the case, is shown in fig. 2,059. At 300 volts D. C., the main field produces an 
A. C. voltage OA, and the regulating field, a voltage AB, with a resultant OB, equal to 
about 200 volts A. C. At 270 volts D. C., the main field produces an A. C. voltage OA, 
and a regulating field voltage AB, giving a resultant A. C. voltage OB, equal to 200 volts. 
Similarly, at 240 volts D. C., the main field produces an A. C. voltage OA, and the regu- 
lating feld (now reversed) produces the reverse voltage AB, giving the resultant OB 
again equal to 200 volts. It will be noted that, theoretically the main field strength 
must be increased about 15 per cent. above its value at 300 volts D. C. in order to keep 
the D. C. voltage at 250 volts. 
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Ques. Where should tne regulating poles be located 
for best results? 

Ans. A better construction is obtained by placing them 
closer to the corresponding main pole, as in fig. 2,060, than when 
spaced midway between the main poles as in fig. 2,056. 

Ques. When the regulating poles are spaced as in fig. 
2,060, what is the effect on the direct current voltage? 

Ans. The effect is the same as for the midway position 
(fig. 2,056) except for magnetic leakage from the main poles to 





Fic. 2.060.— Diagram illustrating placement of regulating poles. In practice machines are 
not built as indicated diagrammatically in fig. 2,056, that is, with regulating poles spaced 
midway between the main poles, because a better construction is obtained by placing the 
regulating pole closer to the corresponding main pole, as shown above. 


the regulating poles when the latter is opposed to the former, 
that is, when the direct current voltage is being depressed. 
Ques. What is the effect on the alternating current 
voltage? 
Ans. Jt is somewhat altered as explained in figs. 2,058 and 
2,059. 
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Reactance Method.— This consists in inserting inductance 
in the supply circuit and running the load current through a 
few turns around the field cores. This method is sometimes 
called compounding, and as it is automatic it is generally used 
where there is a rapidly fluctuating load. 





Fic. 2,061.— Westinghouse 300 kw., 1,500 volt, thrce phase, 25 cycle, commutating pole 
rotary converter. The illustration shows clearly the commutating, and main poles and 
the relative sizes, also arrangement of the terminal connections. 


If a lagging current be passed through an inductance, the 
collector ring voltage will be lowered, but will be raised in case 
of a leading current. The degree of excitation governs the 
change in the phase of the currert to the converter, the excita- 
tion, in turn. being regulated by the load current. Accordingly 
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with series inductance, the effect of the series coils on the field 
of the converter is quite similar to that of the compounding of 
the ordinary railway dynamo. 


Multi-tap Transformer Method.—The employment of a 
variable ratio step down transformer for voltage regulation is a 
non-automatic method of control and, accordingly, is not de- 
sirable except in cases where the load is fairly constant over 
considerable periods of time. It requires no special explanation. 





Fic. 2,062.— Mechanical oscillator and speed limit device of Westinghouse commutating pole 
rotary converter. It automatically prevents the armature of the converter remaining 
in one position and thus not allowing brushes to wear grooves in both commutator and 
collector rings. The oscillator is a self-contained device carried at one end of the shaft. 
The operating parts consist of a hardened steel ba!l and a stcel plate with a circular ball 
race, backed by a spring. The machine is so installed with a s'ight inclination toward 
the end carrying the oscillator. As the armature revolves the ba!l is carried upward and 
owing to the convergence of the steel race and shaft face, the spring 1s compressed. The 
reaction of the spring forces the armature away from its natural position and allows the 
ball to drop back to the lowest point of the race. 


Synchronous Booster Method.—This consists of combining 
with the converter a revolving armature alternator having the 
same number of poles. 
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Ques. How is the winding of the booster alternator 
armature connected? 


Ans. It is connected in series with the input circuits on the 
converter. 





Pic. 2,063.—Westinghouse 2,000 kw., 270 volt, direct current, 6 phase, 167 R.P.M.. syn- 
chronous booster rotary converter, having a voltage range from 230 to 310 vols. It 
consists of a standard rotary converter in combination with a revolving armature alter- 
nator mounted on the same shaft with the rotary converter and having the same number 
of poles. By varying the field excitation of the alternator, the alternating current voltage 
impressed on the rotary converter can be increased or decreased as desired. The direct 
current voitage delivered by the converter is thereby varied accordingly. The principle 
of operation of the booster converter is therefore very simple and easily understood. It 
is simply a combination cf two standard pieces of electrical apparatus, accordingly there 
are incorporated ia it no detai!s of construction essentially different from those encountered 
in standard rotary converters and alternators. The only novelty js in their combination. 
The frames may be supported either from the rotary converter frame, as in the small 
units, or from the bed plate, as in the larger ones. A synchronous booster converter can 
be built, if necessary, with 2 vertical shaft to satisfy special floor space and head room 
requirements, 


Ques. How are the field windings connected? 


Ans. They are either fed with current regulated bv means 
of a motor operated field circuit rheostat, or joined in series with 
the commutator leads of the converter. 
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Fic. 2,064.—Armature of Westinghouse synchronous booster converter. 
form the frames. They are proportioned to rigidly support the laminated steel fieid poles. 
The poles are fastened to the frame with through bolts. A lifting hook is provided on all 
frames. The bed plates are in one piece for the smaller machines but two piece bed plates 
are used for the larger ones. The bearings are ring oiling and have babbitt wearing sur- 


faces that are renewable. 





Fic. 2,065.—Westinghouse field frames and bearings for synchronous booster rotary converter. 
The frames consist of heavy cast yokes. The poles are fastened to the frames with through 
bolts. The bed plate is in one piece for the small machines and in two pieces for the 


large ones. 
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Ques. For what service is the synchronous booster 
method desirable: 

Ans. For any application where a relatively wide variation 
in direct current voltage is necessary. 


It is particulariy desirable for serving incandescent lighting systems 
— considerable voltage variation is required for the compensation 

íf drop 1a long íiceders, for operation in parallel with storege batteries 
nl Kr el 'ectrolvi 110 Worx where extreme vanativas 1n voltage are required 
by changes in the resistance of the electrolytic cells. 





Pic. 2.feA—General Electric motor pemeretor set consisting of 2.3009 vo.1 synchronous move: 
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Motor Generator Sets.—The ordinary rotary converter is 
the most economical machine for converting alternating currents 
into direct currents, and where slight variations in the direct 
current voltage is necessary, thev are mostly used on account 
of their high efficiency, and because they are compact. 
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In many 
central sta- 
tions where 
they supply a 
great variety 
of apparatus, 
the motor 
generatorsets 
are employed 
as the gener- 
ator is inde- 
pendent of 
the aiternat- 
ing current 
line voltage 
and any de- 
gree of volt- 
age regulation 
can be per- 
formed. 


Motor 
Generator 
Combina- 
tions. — The 
following 
combinations 
of motor generators are made and used to suit local conditions: 


Fic, 2,067.—General Electric motor generator set consisting of 230 volt induction motor and 125 volt 
dynamo. 





Synchronous motor............. dynamo 
Da@Wetienmimoter................ dynamo 
iomecteeuitens motor............ dynamo 
Direct current motor............ alternator 
oynchroness etor............. alternator 


Induction --0 MESQORSSRSRSSRRSS alternator 
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Standard practice has adopted high tension alternating 
current for transmission systems, but direct current distribution 
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It consists of 11,131 volt motor and 275 volt generator. 


-General E 


Cleveland, Ohio, 


Fic, 2,068.- 
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is very frequently used. This is particularly true where alter- 
nating current apparatus has been introduced in old direct 
current lighting systems. 


The synchronous motor or the induction motor connected to 
à generator stands next in importance to the rotary converter 
because it is easy to operate and the pressure may be changed 
by a rheostat placed in the field circuit of the generator. 


. The line vires carrying full voltage can usually be connected 
direct to the motor and thus do away with the necessary step- 
down transformer required by the rotary. 


Ques. What is the behavior of a rotary converter when 
hunting? 


Ans. It is liable to flash over at the direct current brushes, 
which is common in high frequency converters where there are 
a great number of poles and the brushes are necessarily spaced 
close together around the commutator. 


Ques. Is this fault so pronounced with motor gener- 
ator sets? 


Ans. The motor generator operating on a high frequency 
circuit, the generator can be designed with a few polcs and the 
brushes set far apart which will greatly reduce the chance of 
flashing over. 


A synchronous motor will drive a generator at a constant speed 
during changes in load on it, and by having a field regulating resistance 
it can be used to improve the power factor of the system. 


When an induction motor is used its speed drops off slowly as the 
load comes on the generator, and it 1s necessary to regulate the voltage 
of the generator by means of a field rheostat, or compound wound 
machines may be used. 


While an induction motor requires no separate excitation of the 
field magnets like the synchronous motor, its effect on the power factor 
of the system is undesirable. 
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Alth iough it is seldom necessary to convert direct current to alter- 
nating, such an arran gement oi a direct current motor dnving an 


1 - : `. - = - 
alternator 1s ofien justi >d in place of an inverted rotary converter, 
as in this pem the alternating current voltage can be changed inde- 
pendent of the direct current voltage. 

The racing of an inverted rotary under a heavy inductive load or 


ot tal ke place in motor generator set mentioned above. 


a 
short circuit does n 





onsisting of a 11,000 volt synchronous 


ternator. 
alterna 


Frequency Changing Sets.—A frequency of 25 cycles is 
generally used on railway work and in large cities using the 
Edison three wire svstem,andas a 25 cycle current is not desirable 
for electric lighting it is necessary to ch ange it to 60 cycles by 
means of a frequency changer shown in fig. 2,069 for distribution 
in the outlying districts. 
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The two machines in this combination are of the same con- 
struction, only the synchronous motor would have eight poles 
and have the 25 cycle current passing through it, while the 
generator would have 20 poles and produce 621% cycles per 
second at 300 revolutions per minute. By supplying the motor 
with 24 cycles, the generator would produce 60 cycles. 





Pic. 2.070.— General! Electric four unit frequency changer set consisting of a 11,000 volt 
synchronous motor, 13,200 volt alternator, 250 volt exciter, and 440 volt starting induction 
motor. Where parallel operation is required between synchronous motor driven frequency 
changers, a mechanical adjustment is necessary between the fields or armatures of the 
alternator and motor to obtain equal division of the load. The adjustment can be ob- 
tained by shifting the keyway. or by special cradle construction. In the latter method, 
one machine is bolted to a cradle fastened to the base. By taking out the bolts, the frame 
can be turned around through a small angle relatively to the cradle and therefore to the 
armature frame of the other machine, when the bolts can be replaced. 


It will be seen from the figure that the separate exciter is 
fastened on the base plate and has its armature directly con- 
nected to the shaft. 


Parallel Operation of Frequency Changers.—It is very 
difficult to construct two or more frequency changers and join 
them to synchronous motors so that the current wave of one 
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machine will be in phase with the other, since the speed of the 
motor will depend on the frequency of the line and be independent 
of the load thrown on it. 

When alternators are run in parallel, if one machine lag 
behind, the other carries the load with the result that the lightly 
loaded machine will speed up and get in step with the other, or 


WOTOR FIELD 







Z3 
2 9 SUP RINGS 


4 
14 iu Ue =; = 
EA = 
= Few A) WUTMETER 


ii B 








COMMUTATING WINDING TERMINALS 
i 


XX = a AE 
À pat. 
MAN PIE if MOTOR AFMATUFE 
p^ ` š > a? WINDING 
DYNAMO EXTERNAL 
RESISTANCE 
STARTER 


71G. 2,071.— Diagram of “Cascade” motor generator set or motor converter, as it is called in 
England where 't is used extensively for electric railway work. In the diagram of motor 
armature winding, some of the connections are omitted for simplicity. The windings are 
Y connected, and as they are fed by wires joized to the slip rings at the right and center. 
E rest of the power passes to the converter windings back to rotor winding and out to 

he slip rings so that par: of the power enters the rotor and part through the converter. 


in other words a synchronizing current will flow between the 
two alternators and tend to keep them in proper relation with 
respect to phase and load. 


Cascade Converter.—This piece of apparatus was intro- 
duced by Arnold and La Cour. Briefly, it consists of a com- 
bination of an induction motor having a wound armature and 
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a dynamo, the armatures being placed on the same shaft. "The 
windings are joined in cascade, that is, in series with those of 
the armature of the induction motor. The line supplies three 
phase currents at high voltage direct to the field of the induction 
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Fic. 2,072.—General Electric shunt wound booster set. Sets of this class are used in railway 
stations to raise the pressure of the feeders extending to distant points of the system, 
for storage battery eharging and regulation, and in connection with the Edison three wire 
lighting system. The design of the various sets is closely dependent upon their application. 
Booster sets are constructed in either series or shunt wound types and they may be 
arranged for either automatic or hand regulation depending on the nature of the service 
required. Where there are a number of lighting feeders connected and run at full load 
for only a short time each day it will generally be economical to install boosters rather 
than to invest in additional feeder copper. It is important, however, to consider each 
case where the question of installing a booster arises, as a separate problem, and to deter- 
mine if the value of the power lost represents ın amount lower than the interest charge 
on the extra copper necessary to deliver the same voltage without the use of a booster. 


motor and drives it, generating in it currents at a lower voltage 
depending on the ratio of the wincings. 

Part of the current thus generated in the armature passes 
into the armature of the dynamo and is converted by the 





1.492 HAWKINS ELECTRICITY 


commutator into direct current as in a rotary converter, but is 
also increased by the current induced in the winding of the 
dynamo armature. 
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Fic. 2,073.—General Electric 9.5 kw. 1,000 R.P.M. balancer set. This is a form of direct 
current compensato:, the units of which it is composed may be alternately motor or 
generator, and the secondary circuit is interconnected with the primary. Balancer sets 
are widely used to provide the neutral of Edison three wire lighting systems. They are 
also installed for power service in connection with the use of 250 volt. motors on a 500 volt 
service or 125 volt motors on a 250 volt service. Although the balancer set may be manu- 
factured for more than one intermediate voltage, the General Electric Company recom- 
mends the three wire system as it is simpler. The motors may be more equally divided 
and the reserve margin of the motor is more conservative for that class of work requiring 
increase in torque with decrease in speed. The voltage of the system being given, the 
capacitv of a three wire balancer set is fixed by the maximum current the neutral wire is 
required to carry. This figure is a more definite specification of capacity than a statement 
in per cent. of unbalaneed load. As designed for power work and generally for lighting 
service, the brushes of each machine are set at the neutral point in order to get the best 
results for operating alternately either as a generator or motor. Where the changes of 
balance are so gradual as to permit of hand adjustment if desired, a considerable increase 
in output is obtainable. 


Ques. At what speed does the machine run? 


Ans. Assuming equal numbers of pole, the armatures rotate 
at a speed corresponding to one half the circuit frequency. 
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As to the dynamo part it is half generator, receiving mechanical 
power by transmission along the shaft to furnish half its output, and it 
is half converter, turning the currents received from the armature into 
direct current delivered at the brushes, 


Ques. What action takes place in the motor armature 
winding? 

Ans. Since it runs at one-half synchronous speed, it generates 
alternating current of half the supply current frequency, de- 
livering these to the armature of the dynamo. 


Ques. What claim is made for this type of apparatus? 

Ans. The cost is said to be less than a motor generator set, 
and it is claimed to be self-synchronizing and to require no 
special starting gear, also to be 2.5 per cent. more efficient than 
a motor generator. 


Ques. How is the machine started from the high 
pressure side? 

Ans. The field winding is connected directly to the high 
pressure leads. The three slip ring brushes are connected with 
external resistances which are used while starting, the external 
resistances being gradually cut out of the circuit as the machine 
comes up to speed (the same as with an ordinary slip ring motor). 


Ques. How does a cascade converter compare with a 
synchronous converter? 

Ans. It is about cqually expensive as the synchronous 
converter with its necessary bank of transformers, but is about 
one per cent. less efficient. It is claimed to be more desirable 
for frequencies above 40 on account of the improved commu- 
tation at the low frequency used in the dynamo member. For 
lower frequencies the synchronous converter is preferable. 
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CHAPTER LIV 


RECTIFIERS 


The purpose of a rectifier is to change alternating current 
into a uni-directional or pulsating current. There are several 
classes of apparatus to which the term rectifier may be 
applied, as 

1. Mechanical rectifiers; 

2. Electrolytic rectifiers; 

3. Mercury vapor rectifiers, or, mercury arc rectifiers; 

4. Electro-magnetic rectifiers. 


Mechanical Rectifiers.—B y definition, a mechanical rectifier 
is a form of commutator operating in synchronism with the 
generator and commutating or rectifying the negative waves 
of the alternating current as shown graphically in figs. 2,076 and 
2,078. The essential features of construction are shown in fig. 
2,079. 


Ques. Mention some application of a mechanical 
rectifier. 

Ans. It is used on a compositely excited alternator as il- 
lustrated on page 1,192. 


Electrolytic Rectifiers.—If two metals be placed in an elec- 
trolyte and then subjected to a definite difference of pressure, 
they will (under certain conditions) offer greater resistance to the 
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passage of a current in one direction, than in the other direction. 
On account of this so called valve effect. electrolytic rectifiers 
are sometimes called “valves.” 
Ques. What metal is generally used for the cathode? 
Ans. Aluminum. 


ALTERNATING CURRENT 


PARTIALLY 
RECTIFIED 
CURRENT 


CURRENT FULLY RECTIFIED 





Fics. 2,076 to 2,078.—Diagrams showing alternating currents, and partial and complete recti- 
fication. 


Ques. What is generally used for the other electrode? 
Ans. Lead or polished steel. 


Metals of low atomic weight exhibit the valve effect at high differences 
of pressure, and heavier metals at low differences of pressure. 


Ques. Describe the ‘“‘Nodon valve.” 
Ans. The cathode is of aluminum or aluminum alloy, and the 
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other electrode, which has considerably more surface, is the 
containing vessel. The electrolyte is a neutral solution of 
ammonia phosphate. 

Ques. Describe its action. 


Ans. It is due to the formation of a film of normal hydroxide 
of aluminum, over the surface of the aluminum electrode. This 
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RECTIFIER 

Fic. 2,079.— Mechanical rectifier. The rectifier consists of two castings M and S with teeth 
which fit together as shown, being insulated so they do not come in contact with each 
other. Every alternate tooth, being of the same casting, is connected together, the 
same as though joined by a conducting wire. There are as many teeth as there are poles. 
The part M of the rectifier is connected to one of the collector rings by F, and the part 
S to the other ring hy G. 


film presents a very high resistance to the current when flowing 
in one direction but very little resistance, when flowing in the 
reverse direction. 


Ques. What is the effect when a Nodon cell is supplied 
with alternating current? 


Ans. Half of the wave will be suppressed and an inter- 
mittently pulsating current will result as shown in fig. 2,077. 
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Fics. 2,080 and 2,081. —Tw wo views of Nodon valve. This is an electrolvtic rectifier in which 
he cathode is a rod of aluminum alloy held centrally in a leaden vessel which forms the 
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anode apa contains t lectrolyte, a concentrate d solution of amm mium phosphate. 
Only a short portion at the lower end of the cathode is ut ci the rest, which is rather 
smaller in di ameter, being p ed irom action by an enclosing glass s sleev e. The current 
density at the cathode ranges 5 to 10 amp. p T sq. dm. In the larger sizes, the cells 
are made double, and a it of air is kept circulatin between the walls by means of 
a motor driven fan. In order to utilize both halves of the supply ly wave, the Gratz method 
of connection is adopted. 7 maximum ficien cy is Obtained at about 140 volts, and 





the efficiency lies between 65 and 75 per cent., and is practically PA of the fre- 


quency between the limits of 25 — and 20 a: Above a pressure of 140 vo the effi- 
ciency falls of very , owing to breakdown of the film. The press ere dila ont Ü is 
3 


bigh, being over 90 pe nt. at full load. Temperature largely influences the action of 
the valve, and should never exceed 122° Fahr. 





Fic. 2,082.—Oscillograph record from Nodon valve showing original supply voltage and the 
corresponding pulsating current at the terminals of such a valve. 
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Ques. How may both halves of the alternating waves 
be utilized? 
Ans. By coupling a series of cells in opposed pairs as in fig. 
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Fic. 2,0S3.— Performance curves of five ampere Nodan valve. Constant secondary voltage 
test. “a on non-inductive resistances. Frequency 50. Maximum power factor 
on valve .7 


Ques. Upon what does the efficiency of the film depend? 
Ans. Upon the temperature. 


It should not for maximum efficiency exceed 86 degrees Fahr. There 
is also a certain critical voltage above which the film breaks down 
locally, giving rise to a luminous and somewhat disruptive discharge 
accompanied bv a rapid rise of temperature and fall in efficiency. 
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Fic. 2,084.— Mohawk electrolytic rectifier and switchboard; diagram showing eonnections 
for charging storage battery. Operating instructions: After assembling battery as in 
fig. 2,085, the film must be formed on the aluminum alloy electrodes so that the rectifier 
will pass current only in the right direction. Open switch B, close switch T to the right; 
discharge lever can be in any position; charging regulator lever must be to the extreme 
left, the zero position; now close main switch M. Moving regulator lever R. from the zero 
position to the first button or contact, let it remain there for a time. not less than five min- 
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Ques. When an electrolytic rectifier is not in use for 
some time what happens? 


Ans. The electrodes will loose the film. 


D. C. CIRCUIT 
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Fics. 2,085 and 2.086.— Mohawk electrolytic rectifier. To put in commission, clean out the jar. 
Fill with distilled or rain water. Add six pounds of electro salts, stir and after all salts are 
dissolved place the cover in position. The specific gravity of the solution should be 1.125. 
The middle iron electrode must hang straight down in the solution and rot touch either 
of the other aluminum alloy electrodes. Thealuminum alloy electrodes are mounted on an 
insulated bracket that slides up and dowa on a 's” rod. This rod screws in the hole 
taped in the middle of the cover. The electrodes give the best results only when perfectly 
smooth, Should they get rough, covered with a deposit or a white coating remove irom 
the solution, and clean with fine sand paper. Finish with fine sand paper. Form the 
film again and the electrodes will be as good as new. Clean iron electrode occasionally. 





utes; this ss smDoriani, as the proper rectification of the current depends on the film formed 
on the aluminum rods. The ammeter after the first rush of current may not show any 
current as passing, Or it may show a reverse current. In the latter case, leave the contact 
finger on the first button until the needle comes back to zero. This may take some time, 
but the needle will eventually come back; it also indicat tes tha: the film is properly formed 
when the needle returns to zero. Move regulator R to the extreme right step by step and 
note that the ammeter continues to return to zero, which indicates that the film on rectifier 
electrodes is tormed properly. Move reguiator R to zero, close switch T to the left in normal 
charging position. Close charging switch B. To regulate the flow of current through the 
battery move charging lever R to the right slowly unt nl ammeter indicates the correct charg- 
ing current. After the batteries are charged and ready for use, discharge lever can be moved 
to connect either set of storage batteries to the load terminal. The voltage of the batteries 
can be read at any time, by pressing the strap key. The discharge lever connects the bat- 
teries to the volt meter and jt is possible by moving ii to measure the voltage of either set 
of battery, charging or discharging. Trouble in the rectifier demonstrates itself by the 
solution becoming heated. The condition of the rectifier can be tested any time in a few 
seconds by opening swi:ch B and closing switch T to the right. It the rectifier be in 
proper condition the ammeter will read zero. And i iE it be not rectifying aad permitting A.C. 

current to flow "through the rectifier, the ammeter: wil! read negative orto the left of the zero. 
Az old solution that is heating and rot rectifying properly will tum a reddish brown color. 
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Ques. What must be done in such case? 
Ans. The electrodes must be reformed. 


Ques. How is the loss of film prevented? 


Ans. By removing the electrodes from the electrolyte and 
drying them. 





Fic. 2,087.—The Fleming oscillation valve. It depends for its action on the well-known 
Edison effect in glow lamps. The valve consists of a carbon filament glow lamp with a 
simple central horseshoe filament. Around this filament inside the exhausted bulb is 
fixed a small cylinder of nickel, which is connected by means of a plaunum wire sealed 
through the bulb to a third terminal The valve is used as follows: The carbon loop rs 
made incandescent by a suitable battery. The circuits im which the oscillations are to 
be detected ts joined in series with a sensitire mirror. galvanometer, the nickel cylinder 
terminal and the negative terminal of the filament of the valve being used. The galvano- 
meter will then be traversed by a series of rapid discharges all in the same direction, those 
in the opposite direction being entirely suppressed. 


Ques. What attention must be given to the electrolyte? 


Ans. Water must be added from time to time to make up 
for evaporation. 


This is necessary to keep the soluticn at the proper density. 
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Ques. What is the indication that the rectifier needs 
recharging? 

Ans. Excessive heating of the solution with normal load. 

Ques. What is the indication that a rectifier is passing 
alternating current? 


Ans. It will heat, and if the solution be very weak, it will 
cause a buzzing sound. 
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Fic. 2,088.—The Churcher valve. This is of the modified Nodon type. It differs from the latter 
in that it has two cathodes of aluminum and an anode of lead or platinum, suspended in 
the one cell. This permits the complete utilization of both halves of the supply wave 
with one cell instead of the four required in the Gratz method. The connections of 
such a cell are shown in the figure. The secondary of the transformer carries a central 
tapping, and is connected through the direct current load to the central anode, while each 
of the cathodes is connected to the ordinary terminals of the transformer itself. The 
practical limits of the cell are 50 volts direct current, or 130 voits at the transformer ter- 
minals AB. F, is the anode; C, cathode I; D, cathode II. 


Ques. What harm is caused by operating a rectifier 
with a weak electrolyte? 


Ans. The electrodes will eat away. 
A few of the so called electrolytic valves are here briefly described: 
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The Audion Valve.—This valve was invented by De Forest in 1900, 
and is practically identical with the Fleming oscillation valve, the 
latter being illustrated in fig. 2,086. 


Grisson Valve.—In this valve the cathode is a sheet of aluminum, 
and the anode, a sheet of lead, supported, in the original form, hori- 
zontally in à vessel containing the electrolyte, consisting of a solution 
of sodium carbonate. Cooling is effected by circulating water through 
metal tubes in the electrolyte itself. 





Fics. 2,089 and 2,090.—The De Faria valve. "Thisis an aluminum lead rectifier. The cathode 
is a hollow cylinder of aluminum placed concentrically in a larger cylinder of lead, and 
the whole immersed in electrolyte of sodium phosphate in an ebonite containing vessel. 
Cooling is effected by promoting automatic circulation of the electrolyte by providing the 
lead cylinder with holes near its extremities; the heated electrolyte then rises in the lead 
cylinder, passes out at the upper holes, is cooled by contact with the walls of the con- 
taining vessel, and descends outside the lead cylinder. It is claimed that this cooling 
action is sufficient to allow of a current density of S amp. per sq. dm. of aluminum. 


Pawlowski Valve.—This is an electrolytic valve employing a solid 
electrolyte. It consists of a copper plate which has been coated with a 
crystalline layer of carefully prepared copper hemisulphide, prepared by 
melting sulphur and copper together out of contact with air. The pre- 
pared plate is placed in contact with an aluminum sheet and the com- 
bination is then formed by submitting it to an alternating pressure 
until sparking, which at first occurs, ceases, 
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Giles Electric Valve.—This consists of a combination of spark gaps 
and capacity used to protect electrical apparatus against damage due to 
atmospheric discharges and resonance surges. The spark gaps are 
formed between the edges of sharp rimmed discs of non-arcing metal. 
These discs are insulated from each other, and from the central tube, 
which provides a support for the apparatus and also an earth. The 
condenser effect is obtained by means of the annular discs and the tube; 
an adjustable spark gap, a high resistance, and a fuse all connected in 
series, complete the valve. 





Pic, 2,091.—75 light Westinghouse-Cooper Hewitt mercury vapor rectifier constant current 
regulating transformer. View showing assembly in case. 


Buttner Valve.—It is of the Nodon type employing a cathode of 
magnesium-aluminum alloy, and probably iron or lead as anode, with 
an electrolyte of ammonium borate. Buttner claims that the borate is 
superior to the phosphate in that it does not attack iron, and will keep 
in good working condition for longer periods. 
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Fic. 2,092.—75 light Westinghouse-Cooper Hewitt mercury vapor rectifier constant current 
regulating transformer with case removed. The transformer is of the repulsion coil type, 
oil cooled and oil insulated. It is so arranged as to give a constant secondary current 
and to insulate the arc lines from the primary circuit. The regulating transformer con- 
tains two stationary secondary coils and two moving primary coils balanced against 
each other. Each secondary coil of the 75 light regulator is wound in two parts, owing 
to the use of two rectifier bulbs in series in outfits of this capacity. The repulsion between 
the primary and secondary coils changes the distance between them according to the 
variation of load, and the induced current in the secondary is thus kept constant. An 
increase in current causes the primary and secondary coils to separate, and a decrease in 
current permits them to approach each other, until the normal balance is restored. The 
moving coils are hung from sheave wheels having roller bearings and are balanced so that 
they are sensitive to the slightest impulse tending to separate them or draw them closer 
together. (See figs. 1,981-2, and 2,111.) The windings are insulated for a voltage con- 
siderably in excess of that existing in normal service. Several taps are provided to take 
care of different voltages and wave forms. A combination of taps will be found which 
will be suitable for any wave form coming within the American Institute of Electrical 
Engineer's limits for a sine wave. The secondary coils are also provided with taps for 
85 per cent. of ncrmal load, so that less than normal load can be taken care of at a good 
power factor. Any part of the full load can be carried temporarily with the full load 
connections of the transformer. but at permanent light loads the power factor and effi- 
ciency will be improved by using the 85 per cent. connections. Standard regulating 
transformers are wound for 6.6 and 4 amperes, and for primary circuits of 220, 440, 1,100 
2.200, 6,600 and 13,200 volts. Regulators can be specially wound for 5.3 amperes. For 
three phase circuits three regulators can be used, one on each phase, or they can be fur- 
nished in pairs with an auxiliary auto-transformer to givea balanced load. The regulators 
can be connected, in cases where the unbalancing is not objectionable, to separate phases. 
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Mercury Vapor Rectifiers.— The Cooper Hewitt mercury 
vapor rectifier, as shown in fig. 2,093 consists essentially of a 
hermetically sealed glass bulb filled witit mercury vapor and pro- 
vided with four electrodes. The two upper electrodes are of solid 
material and the two lower of mercury. 

The solid electrodes are the positive electrodes; the mercury 
electrodes are the negative electrodes. 

The mercury pools of the two lower electrodes are not in 
contact when the bulb is vertical, but the bulb is so mounted 
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Fic. 2,093.—Diagram of connections of Westinghouse-Cooper Hewitt mercury vapor rectifier 
arc light circuit. 


that it can be tilted to bring these two pools temporarily in 
contact for starting. 

The bulb contains highly attenuated vapor of mercury, which, 
like other metal vapors, is an electrical conductor under some 
conditions. The positve electrodes are surrounded by this 
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Fic. 2,094.—Cooper Hewitt mercury vapor rectifier. The mercury vapor rectifier as developed 
by Peter Cooper Hewitt for changing alternating current into direct current is the result 
of a series of careful experiments and investigations of the action going on in his mercury 
vapor lamp for electric lizhting used on direct current circuits only. While many attempts 
have been made to produce an alternating current lamp, up to the present time, they have 
been unsuccessful. The dificulty of operating a lamp on the alternating current circuit 
lies in the fact that while a current vill flow freely through it in one direction, when the 
current reverses the negative electrode or cathode acts as an electric valve and stops the 
current, thus breaking the circuit and putting out the light. By following up this new 
electrical action, Hewitt applied the principle in the construction of a vacuum tube with 
suitable electrodes, and by using two electrodes of iron or graphite for the positive or in- 
coming current and one of mercury for the negative or where the current leaves the tube, 
the circuits could be arranged so that a direct current would flow from the mercury electrode 
and be used for charging storage batteries, electro-chemical work or operating direct current 
flame arc lamps. As shown in the figure, the rectifier consists essentially of a glass bulb 
into which are sealed twoironor graphite anodes and one mercury cathode, and a small starting 
electrode. The bulb is filled with mercury vapor under low pressure. The action of this 
device depends on the property of ionized mercury vapor of conducting electricity in one direc- 
tion only. In operation no current will fow until the starting or negative electrode resist- 
ance has been overcome by the ionization of the vaporin its neighborhood. Toaccomplish 
this, the voltage is raised sufficiently to cause the current to jump the gap between the mer- 
cury cathode and the starting cathode, or by bringing the cathode and starting electrode 

ether in the vapor by tilting and then separating them, thus drawing out the arc. When 
this has been done, current will only fow from the anode to the mercury cathode, and not 
in the reverse direction. In order to maintain the action, a lag is produced in each half 
wave by the use of a reactive or sustaining coil; hence the current never reaches its zero 
value, otherwise the arc would have to be restarted. There are two kinds of lossesin the 
tube: 1, arcing, or leakage from one anode to the other, and 2, the mercury arc voltage drop. 
This drop does not depend on the load, the energy represented by the drop being converted 
into heat, which is dissipated at the surface of the containing vessel. According to Stein- 
metz, the limit of voltage must be very high, as 36.000 volts has been rectified. The current 
output is hmited principally by the leading-in wires to the electrodes, it being a difficult 
problem to sealinto the glass container the large masses of metal required for the conduction 
of large currents. Frequency has but little influence. The direct current voltage ranges 
from 20 to 50 per cent. that of the arc supply. The life of the valve depends somewhat 
upon its size, being longer in the smal] sizes and never, with fair usage, less than 1,000 hours, 
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vapor. Current can readily pass from either of the solid 
electrodes to the mercury vapor and from it to the mercury 
electrode, but when the direction of flow tends to reverse, so 
that current would pass from the vapor to the solid electrode, 
there is a resistance at the surface of the electrode, which entirely 
prevents the flow of current. 
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FIG. 2,095.—Three phase mercury arc rectifier. The rectifier bulb is provided with three 
positive electrodes or anodes, a negative electrode or cathode, and a starting anode, as 
shown. The three phase leads are connected to the anodes at the top of the bulb, a 
branch from one phase being brought down to the starting anode, a resistance being placed 
in the circuit to prevent excessive current on account of the proximity of the two lower 
electrodes. Since there is always a pressure on one of the three anodes in the right direc- 
tion, a reactance coil is not necessary. The apparatus is started in the usual way by tilting. 


The alternating current supply circuit is connected to the two 
positive electrodes as shown in the diagram, and as the electrodes 
will allow current to flow in only one direction and oppose any 
current flow in the opposite direction, the pulsations of the 
current pass alternately from one or the other of the positive 
electrodes into the mercury. 
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As these currents cannot pass from the vapor into either 
positive electrode, they are constrained to pass out all in one 
direction through the mercury electrode, from which they 
emerge as a uni-directional current. The positive electrodes 
of the rectifier thus act as check valves, permitting current to 
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Fics. 9,096 to 2,09$.— Westinghouse diagrams showing comparative eficiencies of diferent 
systems of series arc lighting. 


pass into the mercury vapor but not allowing it to pass from 
the vapor to the solid electrodes. 


Ques. What condition prevails before the bulb starts 
to rectify? 


Ans. There appears to be a high resistance at the surface 
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Fic. 2,099. — Westinghouse Cooper 
Hewitt mercury vapor rectifie: bulb. 
It consists essentially cf a hermetic- 
ally sealed glass bulb filled with 
highly attenuated vapor of mercury, 
and provided with electrodes. Its 
operation is fully explained in the 
accompanying text. 





Fic. 2,100.— Westinghouse-Cooper Hewitt 
mercury vapor rectifier bulb and box. 
The lte of the bulb ıs materially in- 
creased by operating it at certain tem- 
peratures and tor this reason the bulbs 
in the arc light rectifier outfits are 1m- 
mersed in oil and mounted in the same 
tank with the regulating transformer. 
Two bulbs in series are used with the 
79 hght outfit, The bulb is mounted on 
tilting trunions in a box which can be 
lifted out through a door in the top of the 
tank without disconnecting any leads. 
The containing box has contacts on the 
bottom so arranged that when it is low- 
ered into place, the bulb is automatically 
connected in circuit. To replace a de- 
fective bulb it is only necessary to lift 
out the containing box by its handle 
through the door in the top of the case 
and mount a new bulb in it, after which 
the box can be lowered into place. Itis 
desirable to have at each installation, a 
spare bulb box in which a bulb can be 
kept, connected ready for use. If this be 
done, it is only necessary, in case of 
trouble with the bulb, to withdraw the 
old bulb and box and replace them with 
the spare set. This avoids having the 
lamps out of service. 
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of the mercury, which must be broken down so that the current 
can pass. 
Ques. What is this apparent surface resistance called? 


Ans. The negative electrode reststance. 
Ques. What must be done before any current can pass? 
Ans. "The negative electrode resistance must be overcome. 


When once started the current will continue to flow, meeting with 
practically no resistance as long as the current is uninterrupted. 


Ques. What will happen if the current be interrupted 
even for the smallest instant of time? 

Ans. The negative electrode resistance will re-establish 
itself, and stop the operation of the bulb. 


Ques. How is the negative electrode resistance over- 
come? 

Ans. The bulb is tilted or shaken so that the space between 
the mercury electrodes is bridged by the mercury. 


Ques. What happens when the bulb is tilted? 


Ans. Current then passes between the two mercury elec- 
trodes from the starting transformer and the little stream of 
mercury which bridges the space between the electrodes breaks 
with a spark as the bulb is returned to its vertical position. 


Ques. What duty is performed by the spark? 

Ans. It breaks down the negative electrode resistance. 

Ques. What conditions are now necessary for con- 
tinuous operation of the rectifier? 


Ans. The rectifier will now operate indefinitely as long as 
the current supply is uninterrupted and the direct current load 
does not fall below the minimum required for the arc. 
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Ques. Is the rectifier 
self-starting? 


Ans. After the bulb has 
been started a few times, as 
described above, it becomes 
self-starting, so that under 
all ordinary operating con- 
ditions it will commence 
Lo operate when the 
switches connecting it with 
the load and the alternat- 
ing current supply are 
closed. 


Ques. What provision 
is made in the Westing- 
house - Cooper Hewitt 
rectifier to render it 
self-starting ? 


Ans. Itis rendered self- 
starting by means of a 
condenser. 


Ques. Describe the 
arrangement and oper- 
ation of the condenser. 


Ans. The condenser is 
connected between one of 
the positive electrodes and 
a coating of tinfoil outside 


Fic. 2.101.— General Electric 50 light double tube combined unit series mercury arc rectifier 
outfit; front view. This unit consists of a constant current transformer, reactance, tube 
tank and exciting transformer mounted on a common base; also a static discharger and 


pilot lamp mounted on top of the transformer. 


This arrangement makes the rectifier 


outfit, with the exception of the switchboard panel, complete in itself. 
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2,102.—General Elec:ric 2,200 voits, 60 c cycle, primary, 6.6 ampere, secor.dary, 75 light, 
do uble tube mercury arc rectifier outfit with automatic shaking device, the case being 
removed to show parts. The constant Current transformer is air cooled. The windizg 
which h supplies energy for the exciter transforme: is located at the top of, and around 
the core of the constant current transformer. The exciting transformer is mounted on 
} [ tant current transformer inside of the casing. It supplies low pressure 
g anodes of t the rectifier tube. This current establishes an auxiliary 
haken, which is necessary in order to start the rectifier. Theexciting 





c w! he tube is s 

ransformer is wound for 110 volts and it cozsumes about 200 volt-amperes. The 
direct current reactance is mounted on the base of the transformer and enclosed in the 
same casizg. It is connected in series with the lamp load and its function is to reduce the 
ulsations of the circuit to a value most ratisfaciory for operation. The tube tank for hold- 
ing t! lis mounted on the same base as the tr ansformer. It is provided with a cooling 
coil; a tube carrier is provided for raising or lowering the tube in the tank. A thermometer 
is provide d to gauge the temperature oí the oil in the tank. The static dischargers consist- 

ng of horn gaps in series with resistance, are connected between the anodes and the cathode 


in order to protect - tubes and other apparatus irom excessive electrical strains. The 
hora gaps open the circuit alter discharge, and in case the resistance becomes damaged the 
discharge passes Stross the spark gap provided, thereby shunting the resistance. 
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the part of the bulb containing the mercury, and induces static 
sparks on the surface of the mercury which break down the 
negative electrode resistance. 

The action of the rectifier will be better understood by reference to 


the diagram of current waves and impressed pressure as shown in 
figs. 2,103 to 2,106. 
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Fics. 2,103 to 2,106.— Diagram of current waves and impressed pressure of Westinghouse-Cooper 
Hewitt mercury vapor rectifier. The whole of the alternating current wave on both sides 
of the zero line is used. The two upper curves in the diagram show the current waves 
in each of the two positive electrodes, and the resultant curve III represents the rectified 
current flowing from the negative electrode. Curve IV shows the impressed alternating 
current pressure. It is evident that if the part of the wave below the zero line were re- 
versed, the resulting current would be a pulsating direct current with each pulsation 
varying from zero to a positive maximum. Such a current could not be maintained by 
the rectifier, because as soon as the zero value was reached the negative electrode resis- 
tance of the rectifier would be re-established and the circuit would be broken. To avoid 
this condition, reactance is introduced into the circuit, which causes an elongation of 
current waves so that they overlap before reaching the zero value. The overlapping of 
the rectifier current waves reduces the amplitude of the pulsations and produces a compara- 
tively smooth direct current as shown in curve III. In this way the whole of the alter- 
nating current is transformed to direct current because each of the alternations in both 
directions is alternately rectified. 


Ques. Describe a mercury vapor rectifier outfit for 
series arc lighting. 


Ans. It consists of a constant current regulating transformer, 
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a rectifier bulb, and a control panel containing the necessary 
switches, meters, etc. The transformer and rectifier bulb are 
mounted in the same tank. 


s] 





Fic. 2,107.— General Electrical rectifier tube as used on series mercury arc rectifier. The 
tube rectifies the alternating current into direct current. It consists of an exhausted 
glass vessel containing one anode or positive terminal in each of the two upper arms, two 
mercury starting anodes and a cathode or negative terminal of mercury at the bottom 
of the tube. It is submerged in oil and supported in a removable carrier. The tube is 
put into operation by slightly shaking it. In the combined unit set, this shaking is accom- 
plished by an electromagnet mounted above the tube tank and operated from a pull 
button switch on the panel. An automatic shaker is sometimes installed which will 
automatically start the tube when the set is started, or if its operation should become 
interrupted while in service. The energy for the operation of this magnet (110 volts 
alternating current) is obtained from the small auxiliary winding on the main transformer 
which also supplies energy to the exciting transformer. The oilin which the tube is placed 
is cooled by a circulation of water through the cooling coils on the inside of the tube tank. 
The amount of water necessary for cooling the rectifier tubes varies according to local 
conditions, depending upon the temperature of the water and that of the air in the station 
but under the most favorable conditions no water is required. As rectifiers are commonly 
installed in steam driven stations, the drip from the tube tanks is usually piped to the 
boiler supply thereby eliminating any loss for cooling water. 
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Ques. Describe the construction and operation of the 
mercury arc* rectifier shown in fig. 2,108. 


Ans. Fig. 2,108 is an elementary diagram of connections. 
The rectifier tube is an exhausted glass vessel in which are two 
graphite anodes A, A’, and one mercury cathode B. The small 
starting electrode C 1s connected to one side of the alternating 


L— ummm 


TRANSFORMER 





Fic. 2,10S.—Elementary diagram of mercury arc rectifier connections. _A.A.. graphite anodes; 
B, mercury cathode; C,small starting electrode; D, battery connection; E and F,reactance 
coils, G and H, transformer terminals; J. battery. 


circuit, through resistance; and by rocking the tube a slight arc 
is formed, which starts the operation of the rectifier tube. At 
the instant the terminal H of the supply transformer is positive, 
the anode A is then positive, and the arc is free to flow between 
A and B. Following the direction of the arrow still further, the 





. "INOTE.—The terms rapor and arc as applied to rectifiers, do not indicate a different prin- 
ciple; the Westinghcuse Co. employ the former, and the Genera! Electric Co., the latter. 
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current passes through the battery J, through one-half of the 
main reactance coil E, and back to the negative terminal G of 
the transformer. When the impressed voltage falls below a 
value sufficient to maintain the arc against the reverse pressure 
of the arc and load, the reactance E, which heretofore has been 
charging, now discharges, the discharge current being in the same 


CONSTANT 
CURRENT 
TRANSFORMER 





RECTIFIER 
TUBE 


LOAD 


D.C. REACTANCE 


FIG. 2,111.—Diagram showing connections of General Electric series mercury arc rectifer, 


direction as formerly. This serves to maintain the arc in the 
rectifier tube until the pressure of the supply has passed through 
zero, reversed, and built up such a value as to cause the anode 
A to have a sufficiently positive value to start the arc between 
it and the cathode B. "The discharge circuit of the reactance 
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coil E is now through the arc A'B instead of through its former 
circuit. Consequently the arc A’B is now supplied with current, 
partly from the transformer, and partly from the reactance coil E. 
The new circuit from the transformer is indicated by the arrows 
enclosed in circles. 


Ques. How is a mercury arc rectifier started? 


Ans. A rectifier outfit with its starting devices, etc., is shown 
in figs. 2,114 to 2,116. Tostart the rectifier, close in order named 





Fics. 2,112 and 2,113.—Diagram of current waves showing effect of reactance coil. If the 
alternating current wave could be rectified without the use of the reactance coil, the 
direct current produced would consist of a series of impulses which would rise and fall 
from the zero line as illustrated in fig. 2,112. The action of the reactance coil not only 
maintains the current through the tube while the supply current is passing through 
zero, but helps to smooth out the pulsations of the direct current which is passing out 
of the cathode terminal of the tube to the batteries, or other direct current apparatus 
put in its circuit. The smoothing out effect of the reactance is shown in fig. 2,113. 1t 
will be seen from the diagram that the current does not drop down to zero and the pul- 
sations of the direct current are greatly reduced. The waves A, A, etc., are from the positive 
waves of the alternating current supply, while B, B, are from the negative waves, and to- 
gether they form the rectified current, flowing in the same direction to the external 
direct current circuit shown at B in the diagram, fig. 2,108. 


line switch and circuit breaker; hold the starting switch in oppo- 
site position from normal; rock the tube gently by rectifier shaker. 
When the tube starts, as shown by greenish blue light, release 
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starting switch and see that it goes back to normal position. 
Adjust the charging current by means of fine regulation switch 
on the left; or, if not sufficient, by one button of coarse regulation 
switch on the right The regulating switch may have to be 
adjusted occasionally during charge, if it be desired to maintain 
charging amperes approximately constant. 





FIGS. 2,117 and 2,11$.—General Electric mercury arc bulbs or tubes for 200 and 10,000 volt 
circuits. 


Ques. In the manufacture of rectifiers, could other 
metals be used for the cathode in place of mercury? 


Ans. Yes. 


Ques. Why are they not used? 


Ans. Because, on account of the arc produced, they would 
gradually wear away and could not be replaced conveniently. 


1,524 HAWKINS ELECTRICITY 





In the case of mercury, the excess vapor is condensed to liquid form 
in the large glass buib or condensing chamber of the tube and gravitates 
back to the cathode, where it is used over and over again. 


Ques. In the operation of rectifiers, how is the heat 
generated in the bulb dissipated? 


Ans. In small rectifier sets the heat generated is dissipated 
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Fic. 2,119.—General Electric series mercury arc rectifier outfit; view showing method of 
replacing a tube. The illustration also shows tube carrier and drip tray. 


through the tube to the air, and in large tubes such as used in 
supplying 40 to 60 kw. for constant current flaming arc lights 
operating at 4 or 6.6 amperes, the tubes are immersed in a 
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tank of oil, and cooled similar to the arrangement used for oil 
insulated water cooled transformers. 


Ques. Whatresults are obtained with oil cooled tubes? 


Ans. In practice it is found that the life of oil cooled tubes 
is greatly increased and temperature changes do not affect the 
ability to start up as in the air cooled tubes. 





Fic. 2.120.—General Electric 100 volt mercury arc rectifier tube. A,A, anodes; B, cathode; 
C, starting anode; D, tube or bulb. 


Ques. In the operation of a rectifier, name an inherent 
feature of the mercury arc. 


Ans. <A reverse pressure of approximately 14 volts is pro- 
duced, which remains nearly constant through changes of load, 
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frequency, and voltage. Its effect is to decrease the commercial 
efficiency slightly on light loads. 


Ques. What is the advantage of a rectifier set over a 
motor generator set? 
Ans. Higher efficiency and lower first cost. 


Ques. What is the capacity of a rectifier tube? 
Ans. 40 to 50 amperes. 


Ques. How is greater capacity obtained? 
Ans. When a greater ampere capacity is required, two or 
more rectifier sets can be joined to one circuit. 


The rectifier may be joined in series for producing an increased voltage 
or two tubes can be connected in series in a single set. 


Ques. For what service is a rotary converter better 
adapted than a rectifier? 


Ans. For power distribution and other cases where a great 
amount of alternating current is to be converted into direct 
current, the rotary converter or large motor generator sets are 
more practical. 


Ques. For what service is a rectifier especially adapted? 


Ans. It is very desirable for charging storage batteries for 
automobiles from the local alternating current lighting circuit. 

When the consumer installs and operates the apparatus for his own use 

and wear, there 1s considerable saving over motor generator sets because 

a small one to two horse power motor generator outfit has an efficiency 


of only 40 to 50 per cent. while mercury vapor rectifiers will have from 
19 to 80 per cent. 


Ques. What precautions should be taken in installing 
a rectifier? 

Ans. It should be installed in a dry place and care should 
be taken to avoid dangling wires near the tube to prevent 
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puncturing. If the apparatus be installed in a room of uniform 
moderate temperature very little trouble will be experienced in 
starting, while extreme cold will make starting more difficult. 


*Electro-magnetic Rectifiers.— Devices of this class consist 
essentially of a double contact rocker which rocks on pivot 
(midway between the contacts), in synchronism with the fre- 
quency of the alternating current, so changing the connections 
at the instants of reversals of the alternating current that a 
direct current is obtained. 


Fig. 2,121 is a combined sketch and diagram of connections 
of a type of electro-magnetic rectifier that has been introduced 
"for changing alternating into direct current. The actual ap- 
paratus consists of a box, with perforated metal sides, about 
ten inches square and six inches deep. This box contains the 
step down transformer P,S,S’, and the condensers K and K’, 
the magnets and contact making device about to be described 
being fixed on the polished slate top of the box, exactly as 
shown in the figure. The transformer primary winding P 
may be connected through a switch s with a pair of ways on 
the nearest distribution box, or to a plug connection or lamp- 
holder, and the apparatus will give a rectified current of 6 or 
12 amperes at 20 volts, according to the size. 


S and S’ is the secondary winding of the transformer, with 
a tapping ¢ midway, joining it to a series circuit containing 
two alternating current electro-magnets E and E’, whose 
cores are connected by the long soft iron yoke Y.  Pivoted 
at P’ is a steel bar SB, which is polarized by the two coils 
C and C’ the current being supplied by a cell A. Fixed 


*NOTE..—The Edison electro-magnetic rectifier is described in detail in GUIDE Ne. 4, 
pages 942 to 945. 
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rigidly to SB, and moving with it, is a double contact piece CP 
with platinum contacts opposite similar ones on the fixed studs 
CS, US. 

CP is flexibly connected through F to one of the direct current 
terminals T, to which also are joined up one coating of each 
condenser K and K’. 





Fic. 2,121.—Diagram showing essential features of Premier Ampero electromagnetic rectifier. 
Details of construction and principles of operation are given in the accompanying text. 


The other direct current terminal T’ is connected to the 
center of the transformer secondary at t; and CS and CS’ are 
respectively joined up to either end of the secondary winding 
and to the other coatings of the condensers. 
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Fic. 2,122.—Diagram of General Electric (Batten) electro-magnetic rectifier. It is desirable 
for light and occasional service, where direct current is required but only an alternating 
supply is available, being used for charging storage batteries, exciting spark roils, per- 
forming electrolytic work, etc. The rectifier consists of a step down static transformer 
T, by means of which the circuit pressure is reduced to about 50 volts; also, a polarized 
relay R, the contact tongue C of which moves to one side or the other in sympathy with 
the alternations of the current in the primary winding P, the secondary current induced 
in the winding S being thereby rendered direct in the outer circuit. T", TY are the main 
terminals which are connected to the alternating current supply through the wires W. 
Lamps inserted at L are used as resistances in the primary circuit, the reduction of the 
voltage already alluded to being effected by this means. In charging storage batteries 
where a low pressure is required, a lamp (or lamps) should be connected in the secondary 
circuit as shown, S B being the storage battery, and L’ L’ the lamp resistances in series 
therewith, the battery has one end of the secondary S connected to its middle. Thus 
the alternating current leaving the transformer by the wire 1, passes by flexible con- 
nection 2, to the vibrating contact tongue C of the relay, the latter causing the currents 
in either direction to flow through the two halves H, H’ of the battery, whence the 
current re-enters the secondary of the transformer by the wire 3. The soft iron core 
of the relay is in two halves S’ S’ and the armature A, carrying C, vibrates between 
their polar extremities. M, M’ are two permanent magnets with their like poles together 
at the center C’ where A is pivoted. Supposing these poles are north as indicated, the 
extremities of A will be south. The south ends of M, M being in juxtaposition with 
the centers of the soft iron cores S’, S’ will render their extremities facing the ends of 
4 oi north polarity. The windings on S’, S’ are connected in series with each other, 
and in shunt with P across the main terminals T’, T’. Then because of the polariza- 
tion of A and S', S', the former will vibrate rapidly in sympathy with the alternations 
of the current. K is a condenser shunted by a lamp resistance IL”. this being found to 
improve the working o£ R. 
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When the alternating current circuit is broken, the springs 
SP, SP, carried by SB and bearing against the adjustable studs, 
keep SB, CS and CS'. 'The apparatus thus acts also as a no 
voltage circuit breaker, for should the supply fail, the storage 
battery A' under charge will be left on open circuit. 


The action of the device is briefly as follows: 


Owing to the direct current in the magnetizing coils C and 
C’ one end of SB will be permanently of north and the other 
of south polarity; and since the polarities of the poles E and E’ 
will alternate with the alternations of the transformer secondary 
current, SB will rock rapidly on its pivot, and contact will be 
made by turns with CS and CS’. 


The purpose of the condensers K and K’ is to reduce the 
sparking at these points. When contact is, made at CS, the 
direct current terminals T and T' are connected to the S half 
of the secondary winding; and when contact is made at CS', 
they are connected to the S’ half. Thus a rectified unidirec- 
tional current will flow from T and T’, and it may be used to 
charge the battery A’, work a small motor or for various other 
purposes requiring direct current. 


When the rectifier is used for charging storage batteries, the 
separate cell A may sometimes be ‘dispensed with, the winding 
C,C’ being connected to one of the cells under charge. 


The rectifier is adjusted to suit the frequency of the supply 
circuit by altering the distance of the poles of E and E' from 
the ends of the polarized armature SB; and also by changing 
the tension of SP, SP by means of the screw sus against which 
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